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Resonance reconstruction in boosted final states
In many scenarios where resonances have to be measured they 

are produced with large transverse momentum

EW EWJets Jets

high pT high pT

Proton

Proton

BSM
very heavy

• For high pT jet substructure cannot be avoided

• Many reconstruction techniques have been proposed 
and compared
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However, at the LHC many sources of radiation:

• Pileup

• Underlying Event

• Initial state radiation (ISR)

• Hard radiation from many resonances in event

Jet mass and internal structure will be affected by these sources
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III. QCD EFFECTS

Hadronic final states of hard interactions resulting form proton-bunch crossings at the LHC are subject to
many sources of QCD radiation. Final state radiation are soft and collinear jets radiated o↵ the produced
particles, in our case the top quark. It can be described well using the parton shower, and radiation o↵
heavy states is suppressed. Initial state radiation are soft and collinear jets from initial state radiation,
arising because the incoming partons have to bridge the gap in scale between the proton and the hard
process. In the collinear limit they are also well described by the parton shower, in the harder regime they
require matrix element corrections [17].

Underlying event is additional soft QCD activity arising from a given proton-proton interaction and sur-
rounding the hard event. It is caused by semi- or non-perturbative interactions between the proton remnants.
The soft continuous underlying event radiation can have a large e↵ect on the jet mass and critically depends
on the size R of the fat jet [57]
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At the LHC, the amount of transverse momentum of the underlying event radiation per unit rapidity, ⇤
UE

,
is roughly O(10) GeV [58].

Finally, pile-up is the e↵ect of multiple proton-proton collisions in one beam crossing. Its e↵ects are already
observed now and are expected to become even harder to deal with once the LHC runs at design energy and
design luminosity. Pile-up can add up to 100 GeV of soft radiation per unit rapidity [59].

As discussed in Sec. II the kT and C/A algorithms, for a virtuality and an angular ordered shower, aim to
reverse the shower evolution. Approximately, they preserve the physical picture of the jet evolution from the
hard scale to the hadronization scale in the recombination sequence. Initial state radiation, underlying event
and pile-up spoil this picture and add noise to the jet clustering. Jet-mass-based algorithms using subjets
as part of the reverse-engineered cluster history are sensitive to a distortion by uncorrelated soft radiation.

An additional complication in identifying events with hadronically decaying electroweak resonances is that
splittings of quarks and gluons can geometrically induce a large jet mass,
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where Ci = 3 (4/3) are the color factors for gluon (quark) induced jets [60]. For very hard jets this value
can become of the order of the electroweak scale. This makes initial state radiation associated with heavy
particle production dangerous, in particular in events with generically large jet multiplicity. For the top
tagger it also means that while pT,j and R are required to be large to capture all decay products, they should
not become too large.

To discriminate a hadronically decaying heavy resonance from a QCD jet, e.g. using its invariant mass,
all final state radiation has to be properly recombined. This implies that we can separate it from initial state
radiation, underlying event and pile-up. While underlying event and pile-up tend to be soft compared to the
decay products of a boosted resonance, initial state radiation is not [32]. Its typical transverse momentum
can be of the same order as a W decay jet, in particular for moderately boosted top quarks. Therefore,
di↵erent substructure approaches are needed to cope with underlying event/pile-up and with initial state
radiation.

Jet grooming methods, like filtering (Sec. III A), trimming (III B) and pruning (Sec. III C), remove soft
uncorrelated radiation from a fat jet while retaining final state radiation o↵ the resonance. For QCD jets
grooming methods reduce the upper end of the jet mass distribution, whereas for signal events they yield
a sharper peak near the true resonance mass mj = m

res

. To keep these methods generic it is implicitly
assumed that for boosted heavy particles pT,FSR > pT,(ISR,UE,PU)

. Thus, the transverse momentum of the
subjets is an important criterion to discriminate between final state radiation and other radiation. Using
soft-collinear e↵ective theory it has recently been shown that under certain conditions grooming techniques
factorize [61].

As a matter of fact, the problem of QCD e↵ects inside geometrically large jets was early on noticed by
the authors of Ref. [62]. This is why their ‘top tagger’ is based on narrow kT jets for the top decay products
which are then combined in the spirit of the C/A-algorithm.

with

20

III. QCD EFFECTS

Hadronic final states of hard interactions resulting form proton-bunch crossings at the LHC are subject to
many sources of QCD radiation. Final state radiation are soft and collinear jets radiated o↵ the produced
particles, in our case the top quark. It can be described well using the parton shower, and radiation o↵
heavy states is suppressed. Initial state radiation are soft and collinear jets from initial state radiation,
arising because the incoming partons have to bridge the gap in scale between the proton and the hard
process. In the collinear limit they are also well described by the parton shower, in the harder regime they
require matrix element corrections [17].

Underlying event is additional soft QCD activity arising from a given proton-proton interaction and sur-
rounding the hard event. It is caused by semi- or non-perturbative interactions between the proton remnants.
The soft continuous underlying event radiation can have a large e↵ect on the jet mass and critically depends
on the size R of the fat jet [57]

⌦
�m2

j

↵ ' ⇤
UE

pT,j

✓
R4

4
+

R8

4608
+O(R12)

◆
. (25)

At the LHC, the amount of transverse momentum of the underlying event radiation per unit rapidity, ⇤
UE

,
is roughly O(10) GeV [58].

Finally, pile-up is the e↵ect of multiple proton-proton collisions in one beam crossing. Its e↵ects are already
observed now and are expected to become even harder to deal with once the LHC runs at design energy and
design luminosity. Pile-up can add up to 100 GeV of soft radiation per unit rapidity [59].

As discussed in Sec. II the kT and C/A algorithms, for a virtuality and an angular ordered shower, aim to
reverse the shower evolution. Approximately, they preserve the physical picture of the jet evolution from the
hard scale to the hadronization scale in the recombination sequence. Initial state radiation, underlying event
and pile-up spoil this picture and add noise to the jet clustering. Jet-mass-based algorithms using subjets
as part of the reverse-engineered cluster history are sensitive to a distortion by uncorrelated soft radiation.

An additional complication in identifying events with hadronically decaying electroweak resonances is that
splittings of quarks and gluons can geometrically induce a large jet mass,

⌦
m2

j

↵ ' Ci ↵s p
2

T,j �R2

j1j2 , (26)

where Ci = 3 (4/3) are the color factors for gluon (quark) induced jets [60]. For very hard jets this value
can become of the order of the electroweak scale. This makes initial state radiation associated with heavy
particle production dangerous, in particular in events with generically large jet multiplicity. For the top
tagger it also means that while pT,j and R are required to be large to capture all decay products, they should
not become too large.

To discriminate a hadronically decaying heavy resonance from a QCD jet, e.g. using its invariant mass,
all final state radiation has to be properly recombined. This implies that we can separate it from initial state
radiation, underlying event and pile-up. While underlying event and pile-up tend to be soft compared to the
decay products of a boosted resonance, initial state radiation is not [32]. Its typical transverse momentum
can be of the same order as a W decay jet, in particular for moderately boosted top quarks. Therefore,
di↵erent substructure approaches are needed to cope with underlying event/pile-up and with initial state
radiation.

Jet grooming methods, like filtering (Sec. III A), trimming (III B) and pruning (Sec. III C), remove soft
uncorrelated radiation from a fat jet while retaining final state radiation o↵ the resonance. For QCD jets
grooming methods reduce the upper end of the jet mass distribution, whereas for signal events they yield
a sharper peak near the true resonance mass mj = m

res

. To keep these methods generic it is implicitly
assumed that for boosted heavy particles pT,FSR > pT,(ISR,UE,PU)

. Thus, the transverse momentum of the
subjets is an important criterion to discriminate between final state radiation and other radiation. Using
soft-collinear e↵ective theory it has recently been shown that under certain conditions grooming techniques
factorize [61].

As a matter of fact, the problem of QCD e↵ects inside geometrically large jets was early on noticed by
the authors of Ref. [62]. This is why their ‘top tagger’ is based on narrow kT jets for the top decay products
which are then combined in the spirit of the C/A-algorithm.

20

III. QCD EFFECTS

Hadronic final states of hard interactions resulting form proton-bunch crossings at the LHC are subject to
many sources of QCD radiation. Final state radiation are soft and collinear jets radiated o↵ the produced
particles, in our case the top quark. It can be described well using the parton shower, and radiation o↵
heavy states is suppressed. Initial state radiation are soft and collinear jets from initial state radiation,
arising because the incoming partons have to bridge the gap in scale between the proton and the hard
process. In the collinear limit they are also well described by the parton shower, in the harder regime they
require matrix element corrections [17].

Underlying event is additional soft QCD activity arising from a given proton-proton interaction and sur-
rounding the hard event. It is caused by semi- or non-perturbative interactions between the proton remnants.
The soft continuous underlying event radiation can have a large e↵ect on the jet mass and critically depends
on the size R of the fat jet [57]

⌦
�m2

j

↵ ' ⇤
UE

pT,j

✓
R4

4
+

R8

4608
+O(R12)

◆
. (25)

At the LHC, the amount of transverse momentum of the underlying event radiation per unit rapidity, ⇤
UE

,
is roughly O(10) GeV [58].

Finally, pile-up is the e↵ect of multiple proton-proton collisions in one beam crossing. Its e↵ects are already
observed now and are expected to become even harder to deal with once the LHC runs at design energy and
design luminosity. Pile-up can add up to 100 GeV of soft radiation per unit rapidity [59].

As discussed in Sec. II the kT and C/A algorithms, for a virtuality and an angular ordered shower, aim to
reverse the shower evolution. Approximately, they preserve the physical picture of the jet evolution from the
hard scale to the hadronization scale in the recombination sequence. Initial state radiation, underlying event
and pile-up spoil this picture and add noise to the jet clustering. Jet-mass-based algorithms using subjets
as part of the reverse-engineered cluster history are sensitive to a distortion by uncorrelated soft radiation.

An additional complication in identifying events with hadronically decaying electroweak resonances is that
splittings of quarks and gluons can geometrically induce a large jet mass,

⌦
m2

j

↵ ' Ci ↵s p
2

T,j �R2

j1j2 , (26)

where Ci = 3 (4/3) are the color factors for gluon (quark) induced jets [60]. For very hard jets this value
can become of the order of the electroweak scale. This makes initial state radiation associated with heavy
particle production dangerous, in particular in events with generically large jet multiplicity. For the top
tagger it also means that while pT,j and R are required to be large to capture all decay products, they should
not become too large.

To discriminate a hadronically decaying heavy resonance from a QCD jet, e.g. using its invariant mass,
all final state radiation has to be properly recombined. This implies that we can separate it from initial state
radiation, underlying event and pile-up. While underlying event and pile-up tend to be soft compared to the
decay products of a boosted resonance, initial state radiation is not [32]. Its typical transverse momentum
can be of the same order as a W decay jet, in particular for moderately boosted top quarks. Therefore,
di↵erent substructure approaches are needed to cope with underlying event/pile-up and with initial state
radiation.

Jet grooming methods, like filtering (Sec. III A), trimming (III B) and pruning (Sec. III C), remove soft
uncorrelated radiation from a fat jet while retaining final state radiation o↵ the resonance. For QCD jets
grooming methods reduce the upper end of the jet mass distribution, whereas for signal events they yield
a sharper peak near the true resonance mass mj = m

res

. To keep these methods generic it is implicitly
assumed that for boosted heavy particles pT,FSR > pT,(ISR,UE,PU)

. Thus, the transverse momentum of the
subjets is an important criterion to discriminate between final state radiation and other radiation. Using
soft-collinear e↵ective theory it has recently been shown that under certain conditions grooming techniques
factorize [61].

As a matter of fact, the problem of QCD e↵ects inside geometrically large jets was early on noticed by
the authors of Ref. [62]. This is why their ‘top tagger’ is based on narrow kT jets for the top decay products
which are then combined in the spirit of the C/A-algorithm.

~

Can add up to 100 GeV of soft radiation per unit rapidity

[Dasgupta, Magnea, Salam JHEP 0802]

[Cacciari, Salam, Sapeta JHEP 1004]

Rough argument for R  dependence:4

Jet
UE has in first approximation a fix energy density      . 
Consider hard jet core and a thin “ring” of UE 
radiation of thickness dr at radius r.r

r+dr

Because                      for a quark jet, we find:                 
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large pT, 


non-busy final state



eg. Z’->tt

The relevant kinematic pattern

low pT, 


non-busy final state


eg. pp->ttbar (Afb)

large pT


busy final state



eg. SUSY cascades


top partner search

low pT,


busy final state



eg. ttH

smaller pT

Bu
sin

es
s
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The relevant kinematic pattern

low pT, 


non-busy final state



eg. pp->HW

low pT,


busy final state



eg. ttH

Bu
sin

es
s

• Elw. scale resonance 
highly boosted

• Decay prods highly 
collimated -> R < 1.0

• Less sensitive to UE/ISR

• Subjet approach necessary

• Original motivation and 
many techniques

smaller pT

large pT, 


non-busy final state



eg. Z’->tt

large pT


busy final state



eg. SUSY cascades


top partner search
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large pT, 


non-busy final state



eg. Z’->ttbar

The relevant kinematic pattern

large pT


busy final state



eg. SUSY cascades

low pT,


busy final state



eg. ttH

Bu
sin

es
s

• Usually small signal CS
• But can be superior to 

standard analysis:
➡ Event reconstruction impr.


➡ b-tagging improved


➡ combinatorial problem red.

• Big cone, sensitive to 
UE/ISR

• BDRS

smaller pT

low pT, 


non-busy final state


eg. pp->ttbar (Afb)
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low pT, 


non-busy final state


eg. pp->ttbar (Afb)

The relevant kinematic pattern

low pT,


busy final state



eg. ttH

Bu
sin

es
s • Hard radiation uncorrel. 

to hard interaction

• Increased comb. problem

• Additional criteria to 
select decay products

smaller pT

large pT, 


non-busy final state



eg. Z’->tt

large pT


busy final state



eg. SUSY cascades


top partner search
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large pT, 


non-busy final state



eg. Z’->tt

The relevant kinematic pattern

large pT


busy final state



eg. SUSY cascades

low pT,


busy final state



eg. ttH

Bu
sin

es
s

• Most complicated

• Large cone, R > 1.2

• Sensitive to UE/ISR, hard 
uncorrelated radiation

• Only few approaches:


  HEPTopTagger, 


  Shower deconstruction

smaller pT

low pT, 


non-busy final state


eg. pp->ttbar (Afb)

8Bologna               ISMD      Michael Spannowsky             12.09.2014                   



Groomers reduce active 
area of jet -> reduce 
sensitivity to pileup/UE

Taggers aim to 
identify objects based 
on their properties

Grooming and Tagging

“Mano sinistra e destra del diavolo” 
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Grooming tools for jet substructure

Filtering

Pruning

Trimming

[Butterworth et al.  PRL 100 (2008)] 

[Ellis et al.  PRD 80 (2009)]

[Krohn et al.  JHEP 1002 (2010)]
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Jet/Event selection

UE, ISR, Pile-up, hard interaction

mH [GeV] 300 400 500 600
� [fb] �S �B �S �B �S �B �S �B

selection 3.37/0.89 907.3 8.89/0.97 907.3 4.91/0.70 907.3 2.19/0.46 907.3
after analysis 0.29/0.12 0.39 2.02/0.24 3.97 1.11/0.18 3.33 0.46/0.12 1.97
S/B 1.03 0.57 0.39 0.30
S/
�

B10 2.0 3.6 2.2 1.3
selection 17.97/3.83 6200 46.18/4.64 6200 29.48/3.87 6200 15.08/2.90 6200
after analysis 1.34/0.48 2.10 8.96/1.07 19.21 6.32/1.00 18.01 3.15/0.77 11.83
S/B 0.87 0.52 0.41 0.33
S/
�

B10 4.0 7.2 5.5 3.6

Table 1: Signal and backgrounds for the semi-leptonic fat-jet analysis for a collider
energy of 7 TeV (upper) and 14 TeV (lower). The expected significance is calculated
for 10 fb�1. We show gluon fusion (left) and WBF (right) contributions separately
for the signal cross sections. For the numbers of the expected significance we take
both contributions into account.

�X,Y =
E[(X � E[X])(Y � E[Y ])]
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energy of 7 TeV (upper) and 14 TeV (lower). The expected significance is calculated
for 10 fb�1. We show gluon fusion (left) and WBF (right) contributions separately
for the signal cross sections. For the numbers of the expected significance we take
both contributions into account.

�X,Y =
E[(X � E[X])(Y � E[Y ])]

⇥x⇥y
(193)

mj1 < 0.8 mj to keep j1 and j2 (194)

|mjjj � 172.3 GeV| < 25 GeV (195)

⇤ (196)

y (197)

14

I. Locate hadronic energy 
deposit in detector by 
choosing initial jet 
finding algorithm, e.g. CA, 
R=1.2

II.Possible to impose jet 
selection cuts on fat jet
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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start, we find the largest PT jet in the event.2 This jet should contain the decay products

of the top quark if there is a top quark. To make sure that the decay products are well

contained, we should use a jet finding algorithm that uses a fairly wide angular range.

There is some choice here. We use either the inclusive Cambridge-Aachen algorithm [15]

with a cone size R = 1.5 or the anti-kT algorithm [16] with R = 1.5. Because of the large

angular size used in the jet finding algorithm, we call this the fat jet.

The simplest way to proceed from here would be to measure the invariant mass MJet of

the fat jet, expecting to find MJet ⇥ Mtop = 174 GeV. However, jets from the background

sample with this angular size can have large masses. Thus we expect that the distribution of

MJet for background events will be substantial around the region of interest, MJet ⇥ Mtop.

Furthermore, we cannot expect the signal events to yield a narrow peak near MJet = Mtop

because the fat jet will inevitably contain hadrons from partons that originate in initial state

radiation and from secondary interactions in the underlying event. These extra hadrons

add to MJet and thus smear the signal distribution.3 For these reasons, we need to break

the fat jet into subjets and analyze the structure of the subjets.

Consider first the trimming method [2]. Here, following Ref. [2], we define the fat jet

using the anti-kT algorithm with R = 1.5. The fat jet is made of constituents that we can

take to be individual hadrons or else very narrow jets made from calorimeter towers. Let

us call them the starting protojets. We now apply a sequential clustering algorithm to the

protojets, grouping them into successively fatter protojets. There is a choice of algorithm

to use. We use the kT algorithm [17] with protojet recombination defined by adding the

four-momenta of the protojets. This algorithm has an e⇥ective cone size R and here we

choose a quite small cone, R = 0.2. After the kT algorithm has combined the starting

protojets up to a kT limit defined by this R, we have a list of jets, each consisting of some

subset of the original starting protojets. There may be, say, ten final jets. We are ready

to trim our list of jets, keeping relatively hard jets and throwing away relatively soft jets.

We keep jet j if

PT,j > f � � , (2.1)

were the hard scale � is the PT of the fat jet. The fraction f is an adjustable parameter

that we take to be f = 0.03. The starting protojets i contained in the jets j for which the

inequality (2.1) holds constitute the trimmed jet. Now we measure the invariant mass of

the trimmed jet,

M2
Jet =

�
⇤

i

pi

⇥2

. (2.2)

For background events, trimming reducesMJet for each event and thus reduces the high

MJet part of the jet-mass distribution. For signal events, trimming removes extraneous

parts of the jets, giving a sharper peak near MJet = Mtop. The result is illustrated in

2Jets are considered only if the absolute value of their rapidity y is less than 5. This is a very non-

restrictive cut. However the highest PT jet is quite likely to have |y| much less than 5.
3Indeed, there is not even a clear distinction between partons radiated from the initial state and from

the top quark and its daughters because the quantum amplitudes that represent these two sources can

interfere.
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Figure 1: Mass distribution of trimmed jets for the tt̄ signal and the W + jets background. The
top mass is taken to be 174 GeV.

Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which
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i,j = (yi � yj)
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is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if
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4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which
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is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination
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fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the
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is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
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is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which
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i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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mH [GeV] 300 400 500 600
� [fb] �S �B �S �B �S �B �S �B

selection 3.37/0.89 907.3 8.89/0.97 907.3 4.91/0.70 907.3 2.19/0.46 907.3
after analysis 0.29/0.12 0.39 2.02/0.24 3.97 1.11/0.18 3.33 0.46/0.12 1.97
S/B 1.03 0.57 0.39 0.30
S/
�

B10 2.0 3.6 2.2 1.3
selection 17.97/3.83 6200 46.18/4.64 6200 29.48/3.87 6200 15.08/2.90 6200
after analysis 1.34/0.48 2.10 8.96/1.07 19.21 6.32/1.00 18.01 3.15/0.77 11.83
S/B 0.87 0.52 0.41 0.33
S/
�

B10 4.0 7.2 5.5 3.6

Table 1: Signal and backgrounds for the semi-leptonic fat-jet analysis for a collider
energy of 7 TeV (upper) and 14 TeV (lower). The expected significance is calculated
for 10 fb�1. We show gluon fusion (left) and WBF (right) contributions separately
for the signal cross sections. For the numbers of the expected significance we take
both contributions into account.

�X,Y =
E[(X � E[X])(Y � E[Y ])]

⇥x⇥y
(193)

mj1 < 0.8 mj to keep j1 and j2 (194)

|mjjj � 172.3 GeV| < 25 GeV (195)

⇤ (196)

y (197)

R = M(fat jet)/PT(fat jet) (198)
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which
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is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the
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Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.
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to be combined, we look at the momentum fraction

z =
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.
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to be combined, we look at the momentum fraction
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this
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These can be characterized in terms of the variables z
and �R: recombinations with large �R and small z are
much more likely to arise from systematic e⇥ects of the
jet algorithm and in QCD jets rather than heavy parti-
cle reconstruction. We expect that removing (pruning)
these recombinations will tend to improve our ability to
measure the mass of a jet reconstructing a heavy parti-
cle. We also expect that this procedure will systemati-
cally shift the QCD mass distribution lower, reducing the
background in the signal mass window. Finally this pro-
cedure is expected to reduce the impact of uncorrelated
soft radiation from the underlying event and pile-up. We
therefore define the following pruning procedure:

0. Start with a jet found by any jet algorithm, and
collect the objects (such as calorimeter towers) in
the jet into a list L. Define parameters Dcut and
zcut for the pruning procedure.

1. Rerun a jet algorithm on the list L, checking for the
following condition in each recombination i, j ⇥ p:

z =
min(pTi, pTj)

pTp
< zcut and �Rij > Dcut.

This algorithm must be a recombination algorithm
such as the CA or kT algorithms, and should give a
“useful” jet substructure (one where we can mean-
ingfully interpret recombinations in terms of the
physics of the jet).

2. If the conditions in 1. are met, do not merge the
two branches 1 and 2 into p. Instead, discard the
softer branch, i.e., veto on the merging. Proceed
with the algorithm.

3. The resulting jet is the pruned jet, and can be com-
pared with the jet found in Step 0.

This technique is intended to be generically applica-
ble in heavy particle searches. It generalizes analysis
techniques suggested by other authors [9, 11], in that
these methods also modify the jet substructure to assist
separate a particular signal from backgrounds. We em-
phasize that pruning can be broadly applied. We have
endeavored to justify this claim with the discussions in
Secs. III-V, which demonstrate that the interpretation of
jet substructure is subject to systematic e⇥ects that can
be well characterized. Pruning is not the only option,
but o⇥ers some advantages which we explore in further
studies below.

In the analysis of pruning, we will explore the depen-
dence of the pruned jets on the value of D from the jet
algorithm. When reconstructing a boosted heavy parti-
cle in a single jet, without pruning the reconstruction is
optimized if the value of D is fit to the expected opening
angle of the decay. However, this angle depends on the
mass of the particle (which is not known in a search) and
its pT . We will show that pruning reduces the sensitiv-
ity to D and allows one to use large D jets over a broad

range in pT to search for heavy particles. This makes a
search much more straightforward to carry out by using
pruning.

Values for the two parameters of the pruning proce-
dure, zcut and Dcut, can be well motivated. In the fol-
lowing studies, we will show that the results of pruning
are rather insensitive to the parameters, and that the op-
timal parameters are similar for di⇥erent searches. That
is, it is not necessary to tune the pruning procedure for
individual searches.

The parameter zcut can be chosen based on the analy-
sis of single-step and multi-step decays in Sec. IV. Near
the limit in boost where decays are reconstructed in a
single jet, the value of z is typically large. It is only at
large boosts, where the production rate of heavy particles
is much smaller, that small values of z are allowed for re-
constructed decays. Therefore, we can choose a value of
zcut that will keep all reconstructed parton-level decays
at small boost, and only remove a small fraction of decays
at larger boosts. For both the kT and CA algorithms, we
set zcut = 0.10 initially, and will study the performance
of pruning as zcut is varied for di⇥erent searches.

The parameter Dcut can be determined on a jet-by-jet
basis, allowing pruning to be more adaptive than a fixed
parameter procedure. Dcut essentially determines how
much of the jet substructure can be pruned, with smaller
values allowing for more pruning. Dcut should be suf-
ficiently small so that if a decay is “hidden” inside the
jet substructure by late recombinations of, say, UE par-
ticles, the substructure can be pruned and the decay can
be found. A value that is too small, however, will result
in over-pruning. A natural scale for Dcut is the open-
ing angle of the jet. However, this is an infrared unsafe
quantity, as soft radiation can change the opening angle.
Instead, the dimensionless ratio mJ/pTJ for the jet is re-
lated to the opening angle: typically, �R12 � 2mJ/pTJ .
Therefore, we choose Dcut to scale with 2mJ/pTJ , and a
value Dcut = mJ/pTJ is a reasonable starting value. We
will study the performance of pruning as a function of
the scaling of Dcut with 2mJ/pTJ .

A. E�ects of Pruning

Having defined the pruning procedure, we can demon-
strate how e⇥ective it is in reducing systematic e⇥ects and
improving the mass resolution of jets. In this study, we
use the parameters Dcut = mJ/pTJ for both algorithms,
and zcut = 0.10 for the CA algorithm and 0.15 for the
kT algorithm. We will motivate these parameters with
the study in Sec. VIII A. First, in Fig. 24, we reproduce
the “hadron-parton” comparison in Fig. 23 from Sec. V,
using pruning at both the hadron level and the parton
level. The parton-level pruning is implemented in the
same way as defined above, treating the three partons of
the reconstructed top quark as the jet.

It is clear by comparing Figs. 23 and 24 that pruning
has removed much of the systematic e⇥ects in the CA
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Now consider the pruning method [3, 4]. Here, following Refs. [3, 4], we define the

fat jet using the inclusive Cambridge-Aachen algorithm with R = 1.5. We again take the

fat jet to be composed of very narrow starting protojets and apply a sequential clustering

algorithm to the protojets. This time, we choose a modified version of the Cambridge-

Aachen algorithm [15].4 In this algorithm, in each step we look for the pair of protojets

{i, j} for which

R2
i,j = (yi � yj)

2 + (�i � �j)
2 (2.3)

is the smallest. (Here yi is the rapidity of protojet i and �i is its azimuthal angle.) This

pair of protojets is combined by adding their four-momenta, creating a new protojet.

The normal Cambridge-Aachen algorithm continues until no pair {i, j} of protojets has

Ri,j < Dcut, where Dcut is a parameter that represents an e�ective cone size for this

algorithm. We take Dcut = M(fat jet)/PT (fat jet) and let the algorithm run until it stops.

At this stage, each pair {i, j} of protojets has Ri,j > Dcut. Now we let protojet combination

continue, but with an additional restriction: for each pair {i, j} of protojets that are ready

to be combined, we look at the momentum fraction

z =
min(pT,i, pT,j)

|⇥pT,i + ⇥pT,j |
. (2.4)

If z is small, there is a danger that we are including a protojet that is extraneous to the

signal. Therefore, if

z < zcut , (2.5)

4Other successive combination jet algorithms are allowed for the pruning method. With the use of the

Cambridge-Aachen algorithm, the description of how the method works is somewhat simplified.
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Grooming methods seem complicated but we can obtain 
theoretical understanding [Dasgupta, Fregoso, Marzani, Salam  JHEP 1309]

See also talks by Gregory Soyez


and Andrzej Siodmok 

one can calculate trimmed/pruned/filtered jet mass:

• Different methods show different 
logarithmic behaviour 
-> parameter need to be chosen wisely!

calculation helped 
finding bug in 

Pythia 6
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Most importantly, these methods do exactly what they are supposed to do:

10 Mean Mass With Multiple Proton-Proton Interactions

The results presented so far have been for events containing only one pp interaction; how-

ever even in this early period of running, the data contain events with multiple simul-

taneous pp interactions (pile-up) [47]. These additional collisions are uncorrelated with

the hard-scattering process that typically triggers the event. They therefore present a

background of soft, di↵use radiation that o↵sets the energy measurement of jets and will

impact jet-shape and substructure measurements. It is essential that future studies involv-

ing jet-substructure variables, such as those investigated here, be able to understand and

correct for the e↵ects of pile-up. Methods to mitigate these e↵ects will be essential for jet

multiplicity and energy scale measurements.

Substructure observables are expected to be especially sensitive to pile-up [8]. This is

true in particular for the invariant mass of large-size jets. Techniques such as the splitting

and filtering procedure used in this study reduce the e↵ective area of large jets and are

therefore expected to reduce sensitivity to pile-up.

The sensitivity of mean jet mass to pile-up is tested in this dataset. The correlation

of the mean jet mass of anti-k
t

jets with the number of reconstructed primary vertices is

presented in Figure 17 (left). All jets with a p
T

of at least 300 GeV in the rapidity range

|y| < 2 are considered. The mean mass of jets in the absence of pile-up and the variation

with pile-up activity show the expected dependence on the jet size. The mean mass in the
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Figure 17. The mean mass for jets with pT > 300 GeV as a function of the number of primary
vertices identified in the event. Comparisons show the e↵ect for anti-kt jets with di↵erent R-
parameters (left) and Cambridge-Aachen R = 1.2 jets with and without splitting and filtering
procedure (right). Each set of points is fitted with a straight line.
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Grooming removes sensitivity to soft radiation

Jet mass

Mass drop

Mass drop + Filtering



Tagging Electroweak scale resonances

Tagging = Identify Object

Identification exploits fact that quantum numbers of 
signal resonance different than backgrounds

Quantum numbers are: mass, colour, spin, couplings (width)

-> we need to construct observables which indicate different QN

Higgs: (125 GeV, 0, 0, 4 MeV)


W/Z:  (80-90 GeV, 0, 1, ~2 GeV)


top:    (170 GeV, 1/3, 1/2, ~2 GeV)

Simplest! Success of BDRS
Spin correlations
Only EW scale colored object
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Taggers make use of fraction of event

p p

Higgs boson!?

Tagger implicitly ignores rest of event, i.e. production mechanism

(strictly not correct)
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Boson tagging approaches

• Propagate event shape to jet shape:

16

Figure 8: Reconstructed kinematics variables for top jets and QCD jets in the top mass window of Eq.(13) and after
an additional cut of pT > 1200 GeV on the fat jet: original energy ratio z (left), mjj for the W candidate subjets
(center), and the determinant of the transverse sphericity (right). Figures from Ref. [40].

It is constructed out of the transverse momentum components ~p?↵ of all energy depositions ↵, perpendicular
to the jet momentum. To avoid constructing the tensor with explicit coordinates the actual observable is
its determinant. For two-body kinematics detS?kl is zero. For three-body decays it corresponds to two
finite tensor eigenvalues summing to unity and hence ranges within 0...0.25. In the right panel of Fig. 8 we
see that top jets show a clear bias towards large detS?kl values, but that the background uncertainties are
significant. In addition, event shapes will even more than jet masses be a↵ected by pile-up and the way we
remove it [14].

G. N-Subjettiness

N -Jettiness [42] is an event shape which describes the number of isolated jets in an event. It can be
adapted as N -subjettiness to count subjets inside a fat jet [43–45]. Relative to N subjet directions n̂j it is
defined as

⌧N =
1

P
↵2jet

pT,↵R
�
0

X

↵2jet

pT,↵ min
k=1,...,N

(�Rk,↵)
� (15)

with an arbitrary weighting exponent � > 0, to ensure infrared safety. The normalization factor limits ⌧N
to the interval 0...1. In the first version of the tagging algorithm [44] these N axes are defined through a
subjet algorithm. In a modified version [45] they are defined in analogy to the thrust event shape, namely
as a minimization of the numerical value for ⌧N .

Fat jets with large values ⌧N ! 1 have many calorimeter clusters far away from the N main axes, which
means they consist of at least N + 1 well separated subjets. In the ratio ⌧N+1

/⌧N typical QCD e↵ects will
drop out, and the ratio will develop a dip for events which have N + 1 subjets.

Because of the largely unknown QCD e↵ects the value of ⌧
3

, i.e. the quality of the three-subjet hypothesis is
not the best discriminator of top jets as compared to QCD jets. The ⌧N distributions using the minimization
criterion and � = 1 tend to peak in the ⌧

1

= 0.2...0.25, ⌧
2

= 0.07...0.1, or ⌧
3

= 0.04...0.05 regimes, where
the lower values are given for QCD jets and the upper values are reached by top jets [45]. However, the
QCD-induced widths of the distributions are consistently larger than the peak di↵erences.

In Fig. 9 we instead show two ratios of N -subjettiness values. The two constructions of the N reference
directions give very similar results, with a little bias towards smaller ratios for the explicit minimization
condition. For top decays producing three separated subjets the ratio ⌧

3

/⌧
2

is expected to drop, compared
to the QCD case. Indeed, we see a significantly lower signal peak than background peak in ⌧

3

/⌧
2

, even
though this is at least as much due to an increase of the background peak as a decrease of the signal peak
compared to ⌧

2

/⌧
1

.
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Figure 9: N -subjettiness distributions for signal an background. Both methods for extracting the N reference
momenta are shown. Both panels use � = 1 in the definition of ⌧ , which turns out to give the best tagging
performance. Figures from Ref. [45].

The associated top tagging algorithm is based on an anti-kT jet of size R = 1.0 and with pT > 200 GeV.
The choice of jet algorithm reflects the fact that the clustering history will not be part of the top selection
criteria. Instead, it uses two basic jet shape requirements on the top jet mass and on the ratio of subjettiness
values

m
fat jet

= 160...240 GeV
⌧
3

⌧
2

< 0.6 , (16)

Because the fat jet mass is not corrected for soft QCD and pile-up its upper limit is larger than usual. The
e�ciencies obtained for di↵erent methods of reconstructing the N reference directions and for � = 1...2.5
only slightly di↵er, likely within the uncertainties induced by QCD and detector e↵ects.

An obvious extension of the tagging criteria Eq.(16) would be including all ⌧N and ⌧N/⌧N�1

measures for
N = 1, 2, 3 and � = 1, 2. For fixed e�ciencies this reduces the mis-tag rate by roughly 20% [45].

H. Alternative jet shapes

After discussing a set of specialized top tagger which are currently being tested by ATLAS and CMS we
have to add a few more general approaches. For example, the template method based on jet shapes or the
pure counting based tree-less approach are likely not going to be the leading top tagging tools used at the
LHC. However, their ideas might well prove useful when the experimental task at the LHC goes beyond
identifying known Standard Model particles and features.

The template method for top tagging [46] relies on anti-kT -jets of size R = 0.5 and a jet energy in the
1 TeV range. In a similar ansatz [47] this is replaced by a cut on the transverse momentum of the leading
jet of at least pT,j > 1 TeV. In addition, the fat jet mass has to lie in the 160...190 GeV range. Relevant
additional observables are then included as an overlap of measured correlations on the calorimeter level and
di↵erent parton-level templates, weighted by the geometric energy deposition.

Possible additional observables used in this top tagging study are jet shapes. Event shapes like thrust or
the eigenvalues of the sphericity tensor Eq.(14) can be used on the content of geometrically large jets and
their constituents. In that framework they are often referred to as jet shapes. A jet shape which is essential
for all top tagging algorithms is the jet mass. A major theoretical issue is if jet shapes are infrared safe, which
we will skip in this discussion [24]. Obviously, this question also includes the underlying jet algorithms.

An essentially equivalent alternative to the sphericity is the planar flow. It is derived from the tensor Iw
and its two eigenvalues �

1,2 [48]

Iklw =
1

m
jet

X

↵2jet

~p?k
↵ ~p?l

↵

E↵
P =

4det Iw
(trIw)2

=
4�

1

�
2

(�
1

+ �
2

)2
. (17)
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Figure 7: �R between the reconstructed and the parton-level top quark in tt̄ events (left), �pT /p
rec
T for the same

sample (center) and �|~p|/|~p|rec (right). For the solid curves we only apply the default cut precT,t > 200 GeV while the
dashed curves require precT,t > 300 GeV. Figures from Ref. [8].

F. Thaler-Wang Tagger

Around the same time when the Johns Hopkins tagger adopted the BDRS approach for boosted top quarks,
the Thaler-Wang tagger took a di↵erent approach. It describes a subjet splitting in terms of the jet mass mj

of the parent subjet and the subjet energy drop in the splitting. The definition of the jet energy drop is not
unique, so it can be implemented into a tagging algorithm in di↵erent ways, all equivalent in the massless
and collinear limit

z =
minEji

Ej
⇠ dj1j2

dj1j2 +m2

j

⇠ min(pji · pref)
(pj · pref) (12)

where dj1j2 = min(p2T,ji
)�R2

j1j2
is the distance measure in the kT -algorithm introduced in Eq.(2) and p

ref

is a free reference 4-vector, for example the direction of one of the incoming protons. This energy drop is
expected to only be weakly correlated with the jet mass, which simplifies the tagging algorithm.

Because all definitions in Eq.(12) coincide in the collinear limit it is unlikely that we will be able to compare
their performance inside a tagger on Monte-Carlo data, which is generated with a parton shower. For top
jets simple simulations show that the second two definitions are essentially equivalent while the actual energy
ratio has a significantly softer z spectrum. For QCD jets all definitions are equally strongly peaked towards
small z values, but the energy drop has much smaller tails for z > 0.3 [40].

To extract massive splittings the Thaler-Wang tagger starts with an anti-kT jet of size R = 1. Of this
fat jet only the regions with the hardest jets are labelled and re-clustered with a kT -algorithm. To apply
the tagger to LHC data in the presence of underlying event and pile-up it needs to be supplemented with a
trimming stage to remove soft calorimeter activity, as described in Sec. III B.

The numerical values in the tagging criteria are optimized for highly boosted top quarks with pT,t > 800
at least, where we require jet mass windows and large energy ratios for example using the first definition in
Eq.(12):

mjjj = 160...200 GeV mjj = 60...100 GeV , z > 0.1 (13)

where the W mass constraint has to be fulfilled by one subjet combination and the z value is extracted from
the t ! Wb decay step. Both observables are shown in Fig. 8 and show a clear di↵erence for signal and
backgrounds.

To this stage the Thaler-Wang tagger does not yet include a distinctive feature of a three-body decay.
Therefore, it is combined with the classical sphericity event shape. The sphericity tensor [41] defined on the
two-dimensional plane transverse to the boost direction is defined in terms of calorimeter objects

S?kl =
1P

↵2jet

|~p?↵ |
X

↵2jet

~p?k
↵ ~p?l

↵

|~p?↵ |
. (14)
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Figure 8: Reconstructed kinematics variables for top jets and QCD jets in the top mass window of Eq.(13) and after
an additional cut of pT > 1200 GeV on the fat jet: original energy ratio z (left), mjj for the W candidate subjets
(center), and the determinant of the transverse sphericity (right). Figures from Ref. [40].

It is constructed out of the transverse momentum components ~p?↵ of all energy depositions ↵, perpendicular
to the jet momentum. To avoid constructing the tensor with explicit coordinates the actual observable is
its determinant. For two-body kinematics detS?kl is zero. For three-body decays it corresponds to two
finite tensor eigenvalues summing to unity and hence ranges within 0...0.25. In the right panel of Fig. 8 we
see that top jets show a clear bias towards large detS?kl values, but that the background uncertainties are
significant. In addition, event shapes will even more than jet masses be a↵ected by pile-up and the way we
remove it [14].

G. N-Subjettiness

N -Jettiness [42] is an event shape which describes the number of isolated jets in an event. It can be
adapted as N -subjettiness to count subjets inside a fat jet [43–45]. Relative to N subjet directions n̂j it is
defined as

⌧N =
1

P
↵2jet

pT,↵R
�
0

X

↵2jet

pT,↵ min
k=1,...,N

(�Rk,↵)
� (15)

with an arbitrary weighting exponent � > 0, to ensure infrared safety. The normalization factor limits ⌧N
to the interval 0...1. In the first version of the tagging algorithm [44] these N axes are defined through a
subjet algorithm. In a modified version [45] they are defined in analogy to the thrust event shape, namely
as a minimization of the numerical value for ⌧N .

Fat jets with large values ⌧N ! 1 have many calorimeter clusters far away from the N main axes, which
means they consist of at least N + 1 well separated subjets. In the ratio ⌧N+1

/⌧N typical QCD e↵ects will
drop out, and the ratio will develop a dip for events which have N + 1 subjets.

Because of the largely unknown QCD e↵ects the value of ⌧
3

, i.e. the quality of the three-subjet hypothesis is
not the best discriminator of top jets as compared to QCD jets. The ⌧N distributions using the minimization
criterion and � = 1 tend to peak in the ⌧

1

= 0.2...0.25, ⌧
2

= 0.07...0.1, or ⌧
3

= 0.04...0.05 regimes, where
the lower values are given for QCD jets and the upper values are reached by top jets [45]. However, the
QCD-induced widths of the distributions are consistently larger than the peak di↵erences.

In Fig. 9 we instead show two ratios of N -subjettiness values. The two constructions of the N reference
directions give very similar results, with a little bias towards smaller ratios for the explicit minimization
condition. For top decays producing three separated subjets the ratio ⌧

3

/⌧
2

is expected to drop, compared
to the QCD case. Indeed, we see a significantly lower signal peak than background peak in ⌧

3

/⌧
2

, even
though this is at least as much due to an increase of the background peak as a decrease of the signal peak
compared to ⌧

2

/⌧
1

.

‣ sphericity:

‣ N-subjettiness:

‣ treeless approach:
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Figure 10: Peak positions and associated masses for np = 3 and fat jets with pT = 500...600 GeV. Shown are
normalized distributions for the top signal (blue) and QCD backgrounds (red). Figure from Ref. [52].

In addition, the angular correlations have to satisfy

R
1⇤ < 0.81 R

2⇤ < 1.03 R
3⇤ < 2.11 . (22)

While the two taggers discussed above might not give the best e�ciency for the usual signatures, they
have the advantage of being much more general than some of the established taggers. If jet shapes should
indeed turn out powerful QCD analysis tools at the LHC, these approaches will allow us to e�ciently utilize
jet shapes in searches for new physics.

QCD observables which are not linked to traditional event shapes might also help distinguishing massive
electroweak splittings from QCD backgrounds. The radiation of QCD jets possesses characteristic features
which we can use to discriminate a color octet gluon from a decaying color singlet resonance. Angular ordering
of soft gluon radiation implies that most gluons are emitted in between color connected partners [17, 53]. In
the decay of a color singlet, e.g. H ! bb̄, the two decay products are always color connected. In leading
color approximation this is not true for a gluon which splits to bb̄. Its gluon radiation is therefore more likely
to be outside the bb̄ cone.

Two observables might exploit this feature in the top tagging framework. The pull vector [54] can be
defined for each individual jet in an event

~t =
X

↵2jet

pT,↵

pT,jet
|~r↵| ~r↵ . (23)

Here, ~r↵ is the constituent position relative to the jet and pT,↵ is the transverse momentum of this constituent.
The angle between the pull vectors of di↵erent jets can be used to decide if two b-tagged jets come from a
color singlet resonance or a color octet gluon. Pull has been tested on W bosons from top decays by D0 [55].
According to this measurement the fraction of uncolored W bosons is 0.56±0.42 (stat+syst), indicating that
pull is a challenging observable already in the relatively clean Tevatron environment.

As a second observable dipolarity [56] can help selecting the correct W decay products in a boosted top
decay. Compared to the pull angle, its definition is modified such that all radiation o↵ the dipole is captured
in one (sub-)jet. For a jet splitting into two subjets j

1

and j
2

dipolarity is defined on all calorimeter objects
↵ as

D =
1

R2

j1j2

X

↵2jet

pT,↵

pT,jet
R2

↵ , (24)

where R↵ is the distance between the ith constituent and the line segment that runs from j
1

to j
2

. Using the
HEPTopTagger framework is was shown that dipolarity might be able to reduce the mistag rate significantly.

5

boundaries. Intermediate subjets based on the anti-kT -algorithm have not resemblance with what we would
expect from QCD. All three algorithms are available through the FastJet package [12].

Closely related to the kT and C/A measures is the JADE distance [22] which essentially is a transverse
subjet mass:

dj1j2 = pT,j1pT,j2 �R2

j1j2 ⇠ m2

T,j1j2 . (3)

In this notation we label the splitting partons as well as the reconstructed subjets in the recombination
algorithms as ji. In the remainder of the paper we will only use subjets, so this notation does not pose
any problems. Moreover, we will refer to all intermediate clusterings inside all recombination algorithms as
subjets. More stable objects, like filtered subjets we will introduce in Sec. III.

Independent of the choice of subjets to be merged by the jet algorithm we also have to define a scheme for
the combination of the two 4-momenta. In particular when looking for massive jets we should not assume
anything about the mass of the partons. Instead, we can simply add the two 4-vectors pj = pj1 + pj2 in the
E-scheme. The subjet mass is defined as m2

j = p2j . In most (soft or collinear) QCD splittings it should not
exceed the B meson mass, and even including detector e↵ects we usually find mj

<⇠ 30 GeV in the absence
of massive weak-scale splittings.

In contrast to the dynamic clustering history which we can think of as a time evolution, jet shapes are
observables based on the final jet constituents. A priory, it is not clear that these two approaches include
the same information. Therefore, the comparison of di↵erent top taggers is first of all an interesting QCD
experiment.

Because di↵erent top taggers rely on very di↵erent jet shapes we will not introduce them in general here.
The definitions are often inherited from event shapes, like most noticeably thrust [23]. Unlike jet clustering
histories, which depending on the underlying jet algorithm are either theoretically well defined (i.e. infrared
save) or not, jet shapes have to be classified one by one. Much work has for example gone into appropriate
definitions of the jet mass, introduced above [24].

The kinematics underlying this jet mass, assuming widely separated jets with a good 4-momentum recon-
struction, is fairly simple. Following our QCD picture, it is based on successive (1 ! 2) splittings. If one
of these splittings corresponds to the t ! Wb, W ! jj, or even H ! bb̄ decay, the corresponding jet mass
should be around the electroweak scale. In the leading logarithmic approximation we can describe a massive
jet composed out of two subjets using [25]

m2

j

p2T,j

⇠ z(1� z) �R2

j1j2 with z =
min pT,ji

pT,j
. (4)

As mentioned above, all top taggers include at least one jet shape, namely the jet mass. The early subjet
tools combine the jet mass with a clustering history. This includes the first W and top taggers by Mike
Seymour (Sec. II A), the W predecessor to YSplitter (Sec. II A) and the BDRS Higgs tagger (Sec. II A).

More advanced tools like YSplitter (Sec. II B), the Seattle or pruning tagger (Sec. II C), the Johns Hopkins
tagger (Sec. IID), the HEPTopTagger (Sec. II E), or the Thaler-Wang tagger (Sec. II F) supplement the jet
mass with a detailed analysis of the clustering history. Di↵erences between them arise because of di↵erent
jet algorithms and di↵erent selection criteria to extract the massive t ! Wb and W ! jj splittings.

Following the success of event shapes at LEP, the N -subjettiness tagger (Sec. IIG), the template method
(Sec. II H), or the tree-less algorithm (Sec. IIH) are exclusively based on (sub-)jet shapes. The choice of jet
algorithms in this approach does not play any role, except for removing underlying event and pile-up, as we
will discuss in Sec. III.

Testing which family of taggers is best suited for studies of the inside of jets will shed light on experimental
QCD issues way beyond the identification of top jets. For example at LEP, event shapes became the standard
tools for any kind of precision QCD measurements, like for example the ↵s measurement. At the Tevatron,
simple cone jets were used most of the time because they were deemed to be most stable in the hadron

18

For only two constituents P again vanishes, as it does for any kind of linear geometry. For a generic three
body decay it can assume any value between zero and one. For example requiring P > 0.5 enhances the
number of top jets over the QCD background. In practice, the template tagger uses a correlated cut in
the template overlap vs planar flow plane. Given that the overlap measure includes the full kinematic event
information it might be possible to further improve it in the direction of the so-called matrix element method
of log-likelihood ratios.

Yet another class of jet shapes which we can use to describe two-body as well as three-body configurations
are angularities [49, 50]. In the template method they are only included for Higgs tagging, but they can also
be used to improve top tagging. For di↵erent weights a the angularity is defined as

⌧a =
1

m
jet

X

↵2jet

E↵ sina
⇡✓i
2R

✓
1� cos

⇡✓i
2R

◆
1�a

, (18)

in terms of the angle ✓i with respect to the main axis. The correction factor ⇡/(2R) includes the jet size R
and ensures that for the maximum value ✓i = R the argument of the trigonometric functions does not exceed
the hemisphere limit ⇡/2 from earlier e+e� applications. Infrared safety limits the range of angularities
to �1 < a < 2. For a = 0 we find that 1 � ⌧

0

turns into thrust [23], while for a = 1 is becomes jet
broadening [51]. Because for each value a the angularity is a simple number we can correlate it with other
observables, like for example the azimuthal angle between the W decay subjets and search for structures in
such distributions.

A second alternative approach to top tagging, explicitly not based on the clustering history, is the tree-less
substructure analysis [52]. Unlike for example the N -subjettiness it includes angular correlations. From the
JADE distance measure Eq.(3) we know that angular separation can be closely linked to invariant masses of
subjet combinations.

The geometric correlations between all possible pairs of subjets can be analyzed in terms of the angular
structure function and its numerical derivative

G(R) =

P
j1 6=j2

d
(JADE)

j1j2
⇥(R��Rj1j2)

P
j1 6=j2

d
(JADE)

j1j2

�G(R)= R

P
j1 6=j2

d
(JADE)

j1j2
K(R��Rj1j2)

P
j1 6=j2

d
(JADE)

j1j2
⇥(R��Rj1j2)

. (19)

The function K is nothing but a finite delta distribution, e.g. K(x) = e�x2/R2
0/
p

⇡R2

0

with R
0

= 0.6. It
fixes a typical R distance between two subjets. For values R = R⇤ corresponding to observed subjet pairs
inside the fat jet the function G(R) makes a step and �G(R) develops a peak. Top decays with three hard
decay subjets will show three such peak values Rk⇤ with k = 1, 2, 3, each corresponding to one side of the
triangle defined by three subjets. The number of observed peaks we call np. For each of the peaks we define
a mass value

m2

⇤ =
1

R⇤

X

j1 6=j2

d
(JADE)

j1j2

q
⇡R2

0

K(R⇤ ��Rj1j2) (20)

where the JADE distance is defined in Eq.(3). For massive particle decays this mass variable m⇤ scales with
the invariant mass of the parent subjet.

In Fig. 10 we show the peak positions and their associated mass values for three-subjet signal and back-
ground configurations. For QCD backgrounds the R⇤ distributions are broad and essentially scale invariant.
The m⇤ distributions points towards small values, even though their typical values increase typically by a
factor two for increasing points. In contrast, for top jets the R⇤ distributions are peaked. Their mass scales
correspond to the given decay kinematics, as for example discussed in Sec. II E.

The associated tree-less top tagging algorithm starts with a fat C/A jet of size R = 1.5. From the peaks
in the �G spectrum we then extract one, two or three hard subjets. There exist di↵erent sets of cuts,
depending on the transverse momentum of the fat jet and the number of peaks. We quote the cuts applied
to events with three subjet structures and pT = 300...400 GeV. The original uncorrected fat jet mass and
two peak-associated mass values m⇤ have to fulfill

m
fat jet

> 102 GeV m
2⇤ > 26 GeV m

2⇤ > 79 GeV , (21)

[Thaler, Van Tilburg JHEP 1103]

[Jankowiak, Larkoski JHEP 1106]
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ing us to use a very small fraction of the trees. This is
possible beause infrared and collinear safe jet observables
must be insensitive to small reshu✏ings of the momenta,
implying that large classes of trees give very similar in-
formation.

The algorithm we propose assembles a tree via a series
of 2 ! 1 mergings:

1. At every stage of clustering, a set of weights !ij for
all pairs hiji of the four-vectors is computed, and a
probability ⌦ij = !ij/N , where N =

P
hiji !ij , is

assigned to each pair.

2. A random number is generated and used to choose
a pair hiji with probability ⌦ij . The chosen pair
is merged, and the procedure is repeated until all
particles all clustered.

This algorithm directly produces trees distributed ac-
cording to their weight

Q
mergings

⌦ij . To produce a dis-
tribution of trees for each jet, this algorithm is simply
repeated N

tree

times (not necessarily yielding N
tree

dis-

tinct trees). Note that any algorithm which modifies a
tree during its construction (e.g., jet pruning) can be
adapted to work with this procedure, as demonstrated
below.

One particularly interesting class of weights is given by

!(↵)

ij ⌘ exp

⇢
�↵

(dij � dmin)

dmin

�
. (1)

with ↵ a real number we call rigidity. Here, dij is the jet
distance measure for the hiji pair, e.g.,

dij =

(
d
kT ⌘ min{p2

Ti, p
2

Tj}�R2

ij

d
C/A

⌘ �R2

ij

, (2)

where �R2

ij = �y2

ij + ��2

ij , and dmin is the minimum
over all pairs at this stage in the clustering. Note that
with this metric, our algorithm reduces to a traditional
clustering algorithm when ↵ ! 1, i.e., in that limit
the minimal dij is always chosen. In this sense, it is
helpful to think of the traditional, single tree algorithm
as the “classical” approach, with ↵ ⇠ 1/~ controlling the
deviation from the “classical” clustering behavior. With
this analogy, we call the trees constructed in this non-
deterministic fashion Q-jets (“quantum” jets).

In order to get the most information out of the Q-jets,
it is logical to consider observables which are sensitive
to the ordering of the clusterings in the tree. One such
observable is the pruned jet mass, which we will use as
our illustrative example. As described in Ref. [8] prun-
ing is one of the jet grooming tools [9]. It is used to
sharpen signal and reduce background when considering
boosted heavy objects. The basic idea is to move along
the tree and try to discard radiation which is soft and not
collinear, and therefore likely to represent contamination

FIG. 1. Distribution of pruned jet mass for a single QCD-
jet with pT ⇠ 500 GeV. The black and red solid lines show
the classical pruned masses when C/A and kT algorithms are
used to cluster the jet. The black and dashed (red and dot-
dashed) line shows the pruned jet mass distribution of 1000
trees (constructed from the same jet in the same event), when
the C/A (kT) measure is used in Eq. (1). These distributions
result from clusterings with rigidity ↵ = 1.0 (top) and ↵ =
0.01 (bottom).

from a part of the event in which we are not particularly
interested (like the underlying event). In detail, if a step
in the clustering would merge particles i and j which
satisfy

zij ⌘ min
�
pTi , pTj

�

| ~pTi + ~pTj |
< z

cut

and

�Rij > D
cut

,

(3)

then the merging is vetoed and the softer of the two four-
momenta is discarded. In the specific analysis described
here we take z

cut

= 0.1 and D
cut

= m
jet

/p
jet

, which are
typical cuts for the C/A algorithm.
We apply this pruned Q-jets procedure to samples of

simulated boosted W (signal) and QCD (background)
jets generated with Pythia v6.422 [10] with pT -ordered
showers using the Perugia 2011 tunes [11] and assuming
a 7 TeV LHC. In lieu of detector simulation we group
the visible output of Pythia into massless �⌘ ⇥ �� =
0.1⇥0.1 “calorimeter cells” (with |⌘| < 5), preserving the
energy and the direction to the cell. The cells with energy
bigger than 0.5 GeV become the inputs to the initial jet-
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mass drop:
1)  check for mass drop

mj1 < 0.66 mj

p p

b
bbar

    H -> b,bbar

2)  check “asymmetry”

physics scenario as well as the detector performance. Im-

portant details of the new physics model include the total

cross section of new physics, the fraction of new physics

produced that can be cleanly separated from standard

model backgrounds, the fraction of this sample that has

Higgs bosons resulting from new heavy particle decays,

and the fraction of these Higgs bosons that are boosted.

Important detector performance details include the b-tag

e⇧ciency, which includes tagging a jet as well as subjets,

the jet energy resolution, fake rates, and so on.

II. BOOSTED HIGGS

A boosted Higgs boson has high transverse momenta

pt ⇤ mh. When the Higgs decays to bb̄, this high

transverse momenta causes the b-jets to be highly col-

limated. Conventional search strategies to identify the

Higgs through the reconstruction of two separate singly

b-tagged jets generally fails since it is much more likely

for the b-jets to be merged into a single jet. Going to

smaller cone size would seem prudent, except that this

has been shown to give poor mass resolution [4].

Instead, we exploit the recently developed technique

to identify subjets within a “fat jet” consistent with the

decay of a Higgs to bb̄ [1]. Identifying subjets inside a

fat jet that resulted from the decay of a massive particle

is not straightforward. Jet mass, determined by some

algorithmic prescription applied to the subjets, is one

indicator. However, the distribution that results from

ordinary QCD production still has a long tail into high

jet masses. For a jet with transverse momentum pt, jet

mass mj , and cone size R2
= �⇥2

+ �⌃2
, the leading

order di⇥erential QCD jet mass distribution goes as [5, 6]

d⇧ (R)

dptdmj
⇥ �sCi

⌅m2
j

 
ln

R2p2
t

m2
j

+O (1)

!
. (1)

The challenge is thus to reduce the QCD jet background

without losing significantly in mass resolution. Further,

when a jet with substructure is identified, we also need to

determine the “heavy particle neighborhood” – the region

to which QCD radiation from the Higgs decay products

is expected to be confined.

Analysis of jet substructure has received considerable

attention. Distinct algorithms have been proposed to

identify Higgs decaying to bb̄ [1, 7], fully hadronic decays

of top [7, 8, 9, 10], and even neutralinos decaying to three

quarks [11, 12]. Refs. [13, 14, 15] have also recently in-

troduced a more general “pruning” procedure based on

jet substructure to more easily discover heavy particles.

Our work employs a modified version of the iterative de-

composition algorithm introduced by Ref. [1], which uses

an inclusive, longitudinally invariant Cambridge/Aachen

(C/A) algorithm [16, 17, 18].

III. JET SUBSTRUCTURE ALGORITHM

The starting point to test our algorithm, both for new

physics and SM background processes, is a set of final

(post-showering and hadronization) particles. We gener-

ate signal events using Pythia v6.4 [19], while the back-

ground events are first generated at parton-level using

ALPGENv13 [20]. We use PYTHIA v6.4 for showering

and hadronization of all events. We also use the ATLAS

tune [21] in Pythia to model the underlying event. We do

not perform any detector simulation or smearing of jets.

A realistic ATLAS/CMS specific search in the spirit of

Ref. [2] is beyond the scope of this work. However, since

high pt jets result in a large amount of energy deposited

in the calorimeter cells where energy resolution is excel-

lent, we do not expect smearing to significantly modify

our results.

We group the hadronic output of Pythia into “cells” of

size �⇥��⌃ = 0.1�0.1. We sum the four momentum of

all particles in each cell and rescale the resulting three-

momentum such as to make the cells massless [8]. If the

cell energy is bigger than 1 GeV, the cells become the

inputs to the jet algorithm. We use the inclusive C/A

algorithm as implemented in FastJet [22] to cluster the

input cells in jets with R = 1.2. As we are trying to

identify the Higgs through its decay to bottom quarks,

the b-tag e⇧ciency is paramount. For simplicity we work

with a flat 60% acceptance, with a corresponding fake

rate of 2%. Our algorithm is as follows:

1. The decomposition procedure starts with a b-
tagged jet j. After undoing its last stage of clus-

tering, the two subjets j1 and j2 are labeled such

that mj1 > mj2 .

2. Following Ref. [1], subjets are checked for the ex-

istence of a significant mass drop (mj1 < µmj) as

well as non-existence of an asymmetry defined by

y =
min

“
p2

tj1
,p2

tj2

”

m2
j

�R2
j1,j2 > ycut. We use µ = 0.68

and ycut = (0.3)
2

identical to Ref. [1]. Both subjets

are required to be b-tagged and the pt of the daugh-

ter jet j greater than 30 GeV. If these conditions

are satisfied, this stage of clustering (say, i-th) is

recorded and then the following is calculated:

Si =

min

⇣
p2

tj1
, p2

tj2

⌘

�
ptj1

+ ptj2

�2 �Rj1j2 . (2)

The quantity Si is an indicator of the similarity of

the two subjets and is weighted by their separation

�Rj1j2 .

3. Replace j by j1 and repeat from step 1 as long as

j has further subjets.

4. Select the stage of clustering for which Si is the

largest. We anticipate that the two b-tagged sub-

jets, at this stage, are most likely to have originated
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p p

b
bbar

    H -> b,bbar

gApply filtering and take 
3 hardest subjets

Use b-tagging on 2 
hardest subjets
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Higgs pT 
spectrum

select 


final state
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kq

Higgs decay products

BDRS very successful, but could still be improved by taking color 
connection into account

Mqq̄g = Mqq̄gst
a
ij

✓

pµ1
p1 · k � pµ2

p2 · k
◆

· ✏µA(k) (452)

dx1dx2 ! 2
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32

Soft gluon tends to be 
emitted into cone between 
quarks from Higgs decay

Taggers access different information
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Pull designed to access color coherence
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Seeing in Color: Jet Superstructure

Jason Gallicchio and Matthew D. Schwartz
Department of Physics, Harvard University,Cambridge, Massachusetts 02138, USA

A new class of observables is introduced which aims to characterize the superstructure of an
event, that is, features, such as color flow, which are not determined by the jet four-momenta alone.
Traditionally, an event is described as having jets which are independent objects; each jet has some
energy, size, and possible substructure such as subjets or heavy flavor content. This description
discards information connecting the jets to each other, which can be used to determine if the jets
came from decay of a color-singlet object, or if they were initiated by quarks or gluons. An example
superstructure variable, pull, is presented as a simple handle on color flow. It can be used on an
event-by-event basis as a tool for distinguishing previously irreducible backgrounds at the Tevatron
and the LHC.

Hadron colliders, such as the LHC at CERN, are
fabulous at producing quarks and gluons. At energies
well above the confinement scale of QCD, these colored
objects are produced in abundance, only hadronizing
into color-neutral objects when they are sufficiently far
apart. The observed final-state hadrons collimate into
jets which, at a first approximation, are in one-to-one cor-
respondence with hard-partons from the short-distance
interaction. In fact, this description is so useful that
it is usually possible to treat jets as if they are quarks
or gluons. Conversely, in a first-pass phenomenological
study, it is possible simply to simulate the production
of quarks and gluons, assuming they can be accurately
reconstructed experimentally from observed jets.
In certain situations, the jet four-momenta alone do

not adequately characterize the underlying hard process.
For example, when an unstable particle with large trans-
verse momentum decays hadronically, the final state may
contain a number of nearly collinear jets. These jets may
then be merged by the jet-finder. Or, due to contami-
nation from the underlying event, the energy of the re-
constructed jet may not optimally represent the energy
of the hard parton, thereby obscuring the short-distance
event topology. Over the last few years, a number of im-
proved jet algorithms and filtering techniques have been
developed to improve the reconstruction of hard scatter-
ing kinematics [1–4], with experimentally endorsed suc-
cesses including reviving a Higgs to bb̄ discovery channel
at the LHC [1] (implemented by ATLAS [5]) and making
top-tagging as reliable as b-tagging [2] (implemented by
CMS [6]). Nevertheless, there is still a horde of informa-
tion in the events which these substructure techniques
ignore. Jets have color, and are color-connected to each
other, providing the event with an observable and char-
acterizable superstructure.
The term color-connected comes from a graphical pic-

ture of the way SU(3) group indices are contracted in
QCD amplitudes. To be concrete, consider the produc-
tion of a Higgs boson at the LHC with the Higgs decaying
to bottom quarks. The hard process is qq̄ → H → bb̄.
Since the Higgs is a color singlet, the color factor in the
leading order matrix element for this production has the

FIG. 1: Possible color connections for signal (pp → H → bb̄)
and for background (pp → g → bb̄).

form Tr[TATB]Tr[TCTD], where TA are generators of
the fundamental representation of SU(3), A and B index
the initial state quarks and C and D index the final-state
b’s. Since Tr[TCTD] ∝ δCD, the color of C must be the
same as D, which can be represented graphically as a
line connecting quark C to quark D. This color string
or dipole is shown in Figure 1. An example background
process is qq̄ → g → bb̄. Here, there are two possibili-
ties for the color connections: Tr[TATC ]Tr[TBTD] and
Tr[TATD]Tr[TBTC ], both of which connect one incoming
quark to one outgoing quark, as shown also in Figure 1.
The color string picture treats gluons as bifundamentals,
which is correct in the limit of a large the number of col-
ors, NC → ∞. Subleading corrections are included in
simulations through color-reconnections, which amount
to a 1/N2

C ∼ 10% effect.

Since color flow is physical, it may be possible to ex-
tract the color connections of an event. Such informa-
tion would be complimentary to the information in the
jets’ four-momenta and therefore may help temper oth-
erwise irreducible backgrounds. For example, one ap-
plication would be in cascade decays from new physics
models. In supersymmetry, one often has a large number
of jets, originating from on-shell decays like q̃ → qχ or
from color-singlet gauge boson or gaugino decays. One of
the main difficulties in extracting the underlying physics
from these decays is the combinatorics: which jets come
from which decay? Mapping the superstructure color
connections of the events could then greatly enhance our
ability to decipher the short-distance physics.

3

pythia

FIG. 4: Distribution of the pull angle (for the b jet) with
∆ybb̄ = 1 and ∆φbb̄ = 2, for signal and background, showered
105 times with different Monte Carlos.

and to define the center the jet. These are all basically
the same, but we have found that the most effective com-
bination is a pT -weighted vector, which we call pull, de-
fined by

t⃗ =
∑

i∈jet

piT |ri|
pjet
T

r⃗i . (1)

Here, r⃗i = (∆yi,∆φi) = c⃗i − J⃗ , where J⃗ = (yJ ,φJ ) is
the location of the jet and c⃗i is the position of a cell or
particle with transverse momentum piT . Note that we
use rapidity yJ for the jet instead of pseudorapidity (ηJ );
because the jet is massive this makes r⃗i boost invariant
and a better discriminant (rapidity and pseudorapidity
are equivalent for the effectively massless cells/particles,
c⃗i). The centroid (Eq. (1) without the |ri| factor) is usu-
ally almost identical to J⃗ , the location of the jet four-
vector in the E-scheme (the sum of four-momenta of the
jet constituents).

An important feature of the pull vector t⃗ is that it
is infrared safe. If a very soft particle is added to the
jet, it has negligible pT , and therefore a negligible effect
on t⃗. Moreover, since pull is linear in pT , if a particle
splits into two collinear particles at the same r⃗, the pull
vector is also unchanged. This property guarantees that
pull should be fairly insensitive to fine details of the im-
plementation, such as the spatial granularity or energy
resolution of the calorimeters.

The event-by-event distribution of the pull for the left
b jet from Figure 2 is shown in Figure 3 in polar co-
ordinates, t⃗ = (|⃗t| cos θt, |⃗t| sin θt), where θt = 0 points
towards the right-going beam, θt = ±π points towards
the left-going beam, and θt ≈ 0.7 toward the other b jet.
This figure shows density plots of the t⃗ distributions on
an event-by-event basis for the signal and background
cases for this particular fixed parton-level phase space
point. For this figure, we use as input the four-momenta
of all long-lived observable particles. If instead, we use
the hadronic energy in 0.1 × 0.1 cells treated as mass-
less four-vectors, the distribution of pull vectors is nearly
identical.

Pull of Higher pT b Pull of Lower pT b

∆θt

signal

background

−π π
0

0

1

2

3

∆θt

signal

background

−π π
0

0

1

2

3

FIG. 5: Pull angles in the b or b̄ jet in HZ → Zbb̄ signal
events and their Z+bb̄ backgrounds. For each event, ∆θt = 0
is defined to point toward the other b jet. 3× 105 events are
shown.

We can see that most of the discriminating informa-
tion is in the pull angle, θt, rather than the magni-
tude |⃗t|. This leads to Figure 4, which shows the dis-
tribution of the pull angle for the signal and the back-
ground in this particular kinematic configuration. This
figure also shows that the pull vector is not particularly
sensitive to the Monte Carlo program used to generate
the sample; the pull angle distributions for herwig++

2.4.2 [9], pythia 8.130 [15], and pythia 6.420 with the
pT -ordered shower [7] are all quite similar.

The previous three figures all have the parton momen-
tum fixed. Similar distributions result from other phase
space points. We fixed the parton momentum to show
the usefulness of pull in situations which would be indis-
tinguishable using the jet four-momenta alone. This ex-
ercise controls for correlations between pull and matrix-
element-level kinematic discriminants. Also, note that
there is another possible color-flow for the background
events, where the left-going jet is color-connected to the
right-going beam. Then, the most-likely pull angle would
be more similar to the signal. Fortunately, this only oc-
curs about 10% of the time for the dominant background.

The next step is to see if pull is useful given the
full distribution of signal and background events at the
LHC. The pull angle for the full ZH → Zbb̄ signal and
Zbb̄ backgrounds still presents a strong discriminant, as
can be seen in Figure 5. Here, we have performed a
full simulation with madgraph 4.4.26 [14] and pythia

8.130 [15], including underlying event and hadronization.
We choose a parton-level cut of pT > 15 GeV for the
b quarks, find the jets with the anti-kT algorithm with
R = 0.7, require the reconstructed mass to be within a
20 GeV window around the Higgs mass (120 GeV), and
construct the pull angle on the radiation within each jet.

Next, let us consider some other possibilities. It is nat-
ural to look at higher moments, such as those contained
in the covariance tensor

C =
∑

i∈jet

piT |ri|
pjet
T

(

∆y2i ∆yi∆φi

∆φi ∆yi ∆φ2
i

)

. (2)

Pull can access information not used by BDRS

PULL

•Find jets (e.g. anti-kT)
•Construct pull vector (~ dipole moment)

on radiation in jet

• Can use bigger jets for pull, but R = 0.7 
seems optimal

PULL

•Find jets (e.g. anti-kT)
•Construct pull vector (~ dipole moment)

on radiation in jet

• Can use bigger jets for pull, but R = 0.7 
seems optimal

signal background

[Gallicchio and Schwartz 
PRL 105(2010)]

Studied in ATLAS, can help to identify top decay products
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Boosted top quarks - a perfect test ground

• top itself is colored object

• decays electroweak into other 
colored objects

• At LHC plenty of energy

• Mass of top induces scale

-> top can radiate gluons

-> decay products have spin/color 
correlations

-> tops produced beyond threshold

-> lots of radiation in event

LO ttbar production

ttbar production + radiation

-> different kinematic regimes
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Comparison of top taggers

better

worse
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Protons

ISR

ISR

FSR

FSR

O(1000) 
particles

UE

UE

Is it possible to perform such hypothesis test given complexity of LHC events?

At least full event generators do a good job reproducing data...
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Parton shower in a nutshell

The parton shower bridges the gap from the hard interaction scale down 
to the hadronization scale O(1) GeV

partons from the hard interaction emit 
other partons (gluons and quarks)

These emissions are enhanced if they are 
collinear and/or soft with respect to the 
emitting parton
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Probability enhanced in soft and collinear region due to ~
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p
2

(p2
2
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1/(p
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2
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1/(p
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2

)2 ! (159)

p
1

! 0 (160)

p
2
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p
2

! �p
1
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⌫
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Z

d�(y)|M↵|2(y)W (x,y) (197)
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W (x,y) (199)
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Z

dy W (x,y) = 1 (204)

Mn�1

↵ (205)

W (x,y) = �(x� y) (206)

x (207)

e+e� ! 3 jets (208)

14

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = (211)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

Pg!gg = CA
(1� z(1� z))2
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(212)

15

e+e� ! 3 jets (208)

d�ee!3j ⇡ �ee!2j

X

j2{q,q̄}

↵s

2⇡

d✓2jg
✓2jg

P (z) (209)

dPa!bc =
↵s

2⇡

d✓2

✓2
Pa!bc(z)dz (210)

Pq!qg = CF
1 + z2

1� z
(211)

Pg!gg = CA
(1� z(1� z))2

z(1� z)
(212)

Pg!qq̄ = TRnf (z
2

+ (1� z)2) (213)

15

Collinear limit:

Soft limit:

Mqq̄g = Mqq̄gst
a
ij

✓

p1
p1 · k � p2

p2 · k · ✏A(k)
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(452)

dx1dx2 ! 2

s
EgdEgd cos ✓ (453)

� = �0
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dEg
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d cos ✓

2(1� cos ✓q̄q
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(454)

Eg ! 0 (455)

32

the matrix element for 

Mqq̄g = Mqq̄gst
a
ij
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2(1� cos ✓q̄q
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(454)

Eg ! 0 (455)

e+e� ! q̄qg (456)

32

factorizes (Eikonal Current)
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dipole

Higgs
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31

In the large Nc limit most radiation occurs in a 
cone between colour partners

Example
+

zp

(1-z)p

[Marchesini, 
Webber]
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e+e� ! 3 jets (208)
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✓2
Pa!bc(z)dz (210)

Pq!qg = CF
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e+e� ! 3 jets (208)
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Sudakov form factor:

Mqq̄g = Mqq̄gst
a
ij

✓

pµ1
p1 · k � pµ2

p2 · k
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· ✏µA(k) (452)

dx1dx2 ! 2

s
EgdEgd cos ✓ (453)

� = �0

Z

CF
↵s

2⇡

dEg

Eg
d cos ✓

2(1� cos ✓q̄q)

(1� cos ✓qg)(1� cos ✓q̄g)
(454)

Eg ! 0 (455)

e+e� ! q̄qg (456)

�(Q2, Q2
0) ' exp



�CF
↵s

2⇡
ln

2

✓

Q2

Q2
0

◆�

(457)

kµ ⌧ pµi (458)

s(mH) = L�SM(mH) (459)

n = µ · s(mH) + b (460)

µ =

L · �(mH)

L · �(mH)

=

�(mH)

�SM(mH)

(461)

Hµ (462)

H0 (463)

H1 (464)

ps+b (465)

ps+b < 5% (466)

= lim

n!1
⇧

n�1
i=0 (1� Psomething(Ti < t  Ti+1)) (467)

32

Factorization of emissions and Sudakov factors allow semiclassical 
approximation of quantum process:

Q2
1

Q2
2

Q2
3

Q2
4 Q2

5

Sudakov form factor provides
“time” ordering of shower:
lower Q2 ⇐⇒ longer times

Q2
1 > Q2

2 > Q2
3

Q2
1 > Q2

4 > Q2
5

etc.

Sudakov regulates singularity for first emission . . .

Q

dP/dQ

ME

PS
?

. . . but in limit of repeated soft
emissions q → qg (but no g → gg)
one obtains the same inclusive
Q emission spectrum as for ME,
i.e. divergent ME spectrum
⇐⇒ infinite number of PS emissions
Proof: as for veto algorithm (what is
probability to have an emission at Q
after 0, 1, 2, 3, . . . previous ones?)

Sudakov form factor provides “time” 
ordering of shower: 

Q   > Q   > Q2 2 2
1 2 3

low Q longer time2
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In summary:

The probability weights in the evolution from the hard interaction scale to 
the hadronization scale are given by Sudakov factors and splitting functions.

Figure 3: A diagram illustrating gluon radiation from an incoming quark. The resulting

cone-like structure persists through hadronisation and, hence, forms a jet. This process

develops similarly if the incoming quark is replaced by a gluon.

It is often advantageous to work in the CM frame of the collision. However, this is not

always coincident with the rest frame of the detector. In light of this, it is sensible to

measure Lorentz invariant quantities. Collisions possess cylindrical symmetry around their

beam axis and, as a consequence, when the CM frame does not coincide with the detector

frame, it will be, on average, boosted along the beam axis. As �, the azimuthal angle,

lies in a plane perpendicular to the beam axis this makes it Lorentz invariant under such

boosts; it is therefore a practical quantity. However, ✓, the angle a particle makes with the

beam axis, is an unsuitable parameter as it is not Lorentz invariant under these boosts; its

transformation, tan(✓0) = � tan(✓), causes �✓0 to be an unpleasant expression. A parameter

with more pleasing properties under these boosts is desired.

Rapidity is a velocity-like parameter that parameterises Lorentz boosts; in fact, it is an

angle of rotation in the hyperbolic plane. Rapidities along the same axis are additive; they

encode the velocity addition formula under standard addition. This additive transformation

property is much more tangible. By considering a particle moving with four-momentum

pµ = (E/c, ~p), as measured in the CM frame, its rapidity along the beam axis, y, can be

obtained. This rapidity corresponds to that of a boost that causes the momentum along the

beam-axis to vanish; the explicit result is,

y =
1

2
ln

✓
E + cpL
E � cpL

◆
=

1

2
ln

✓
1 + � cos(✓)

1� � cos(✓)

◆
,

where pL represents the longitudinal momentum, and ✓ is the angle that the particle makes

with the beam axis. Taking the ultra-relativistic limit,

⌘ ⌘ lim
�!1

y = � ln


tan

✓
✓

2

◆�
(17)

defines the pseudorapidity ⌘; a result that is trivial for massless particles. As this definition

9

⌫
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Z

dy W (x,y) = 1 (204)

Mn�1

↵ (205)

14

hard scale

hadronization


scale

propagator-lines = Sudakov factors
vertices = Splitting functions

48Bologna               ISMD      Michael Spannowsky             12.09.2014                   



b

b-

ISR
ISRg

g

UE

UE

UE

� (85)

Ha (86)

HH (87)

HIS (88)

6

b
b
-

FI
G.

6:
Sp
lit
tin
g f
un
cti
on
s f
or
fin
al
sta
te
QC

D
sp
lit
tin
gs
th
at
ar
e m

od
ele
d
as
g ⌅

g +
g

V
I.

FI
N
A
L
ST

AT
E
Q
CD

SH
OW

ER
SP

LI
TT

IN
G
S

In
th
is
sec
tio
n,
we

de
fin
e t
he

ma
in
pa
rt
of
th
e s
im
pli
fie
d
sh
ow
er,

QC
D
sh
ow
er
sp
lit
tin
gs
.

A
.

Sp
lit
tin

g
pr
ob
ab
ili
ty

fo
r
g ⌅

g +
g

Th
e s
pli
tti
ng

ve
rte
x
for

a Q
CD

sp
lit
tin
g g

⌅
g +

g
is
rep

res
en
ted

by
a f
un
cti
on

H gg
g
as

illu
str
at
ed
in
Fi
g.
6.
W
e c
all

th
ese

th
e c
on
dit
ion

al
sp
lit
tin
g p

ro
ba
bil
iti
es.

He
re
th
e c
on
dit
ion

is
th
at
th
e m

ot
he
r p
ar
to
n
ha
s n
ot
sp
lit
alr
ea
dy

at
a h

igh
er
vir
tu
ali
ty.

Le
t u
s e
xa
mi
ne

wh
at
we

sh
ou
ld
ch
oo
se
for

H gg
g
for

a
g ⌅

g +
g
sp
lit
tin
g.

W
e t
ak
e t
he

mo
th
er
pa
rto
n
to
ca
rry

th
e l
ab
el
J
an
d
we

su
pp
os
e t
ha
t t
he

da
ug
ht
er
pa
rto
ns
ar
e l
ab
ell
ed

A
an
d
B,

wh
ere

A
ca
rie
s t
he

3̄
co
lor

of
th
e m

ot
he
r a
nd

is
dr
aw
n
on

th
e l
eft
, w

hil
e B

ca
rie
s

th
e 3

co
lor

of
th
e m

ot
he
r a
nd

is
dr
aw
n
on

th
e r
igh
t.
Th
e f
or
m
of
th
e s
pli
tti
ng

pr
ob
ab
ilit
y

de
pe
nd
s o
n
wh
ich

of
th
e t
wo

da
ug
ht
er
pa
rto
ns

is
th
e s
oft
er.

W
e l
et
h
be

th
e l
ab
el
of
th
e

ha
rd
er
da
ug
ht
er
pa
rto
n
an
d
s b

e t
he

lab
el
of
th
e s
oft
er
da
ug
ht
er
pa
rto
n:
k s
<
k h
.

By
de
fin
iti
on
, k

s
<
k h
. W

e fi
rst

loo
k
at
th
e s
pli
tti
ng

in
th
e l
im
it
k s
⇤

k h
. T

he
sp
lit
tin
g

pr
ob
ab
ilit
y i
s t
he
n d

om
ina

ted
by
gr
ap
hs
in
wh
ich

pa
rto
n s

is
em
itt
ed
fro
m
a d
ip
ole

co
ns
ist
ing

of
pa
rto
n
J
an
d
so
me

ot
he
r p
ar
to
n,
ca
ll
it
pa
rto
n
k.

If
s =

A,
th
en

th
e e
mi
tti
ng

dip
ole

is

for
me
d
fro
m
pa
rto
n
h
=
B
an
d
pa
rto
n
k
=
k(
J)L

, w
hil
e i
f s

=
B,

th
en

th
e e
mi
tti
ng

dip
ole

is
for
me
d
fro
m
pa
rto
n
h
=
A
an
d
pa
rto
n
k
=
k(
J)R

. T
he

ch
oic
e o
f k

de
pe
nd
s o
n
wh
ich

of

th
e t
wo

da
ug
ht
er
pa
rto
ns
is
pa
rto
n
s,
so
wh
ere

ne
ed
ed
we

wi
ll
us
e t
he
no
ta
tio
n
k(
s)
ins
tea

d

of
sim

ply
k.

Fo
r H

, w
e
sta
rt
wi
th

th
e
dip

ole
ap
pr
ox
im
at
ion

for
th
e
sq
ua
red

ma
tri
x
ele
me
nt

(w
ith

µ
2
s
=
µ
2
h
=
0)
,

H di
po
le
⇥
CA
� s

2

2 p
h
· p k

2 p
s
· p h

2 p
s
· p k

.

(3
0)

W
e u

se

2 p
s
· p h

=
2k s

k h
[co
sh
(y s

� y h
)�

co
s(⇤

s
� ⇤ h

)]

⇥ k s
k h
[(y

s
� y h

)
2 +

(⇤ s
� ⇤ h

)
2 ]

=
k s
k h
⇥
2
sh
,

2 p
s
· p k

⇥ k s
k k
⇥
2
sk
,

2 p
h
· p k

⇥ k h
k k
⇥
2
hk
,

(3
1)

13

Signal hypothesis

FIG. 14: Sudakov factor between final state emission of a gluon from a b- or b̄-quarks. The previous
splitting can be either a gluon emission, a g ⇤ b+ b̄ or a ⇤ b+ b̄ splitting or a Higgs boson decay
to b+ b̄.

E. Sudakov exponent for b-quark splitting

The Sudakov factor for a b or b̄ quark splitting is illustrated in Fig. 14. The corresponding
Sudakov exponent is

Sb =
⇤CA

4b20
�

⇤
µ2
J < min

⇤
kJ
2kK
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K , k

2
J⇥

2
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⌥
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2
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� 1

�s

�
min
�

kJ
2kK
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K , k

2
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2
k/4
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⌃

.

(87)

This is nearly the same as the Sudakov exponent for gluon splitting, Eq. (86). The di⇥erence
is that there is only one color connected partner k so there is no sum over the index s that
specifies which color connected partner to choose.

Sometimes there is no color connected parton with label k in the fat jet. Then, as in
Eq. (75) for Sg, we make the replacement ⇥k ⇤ R0.

F. After the last splitting

If in the shower history h, parton J does not split, then we look at its virtuality µ2
J and

include a factor e�Sa , e�Sg , or e�Sb , as illustrated in Fig. 15, that represents the probability
for parton J not to have split at a virtuality above the final virtuality µ2

J .
In principle, we should also include a factor

↵
dH representing the probability that parton

J did finally split at virtuality µ2
J . We do not know the splitting angle ⇥ for this splitting.

We do know that ⇥ was less than Rmicrojet, the radius parameter for the kT -jet algorithm
that we used to define the microjets: if ⇥ were larger than Rmicrojet, the jet algorithm would
not have merged the daughter partons to form the microjet. Thus we would calculate

↵
dH

by integrating the di⇥erential splitting function over the region ⇥ < Rmicrojet.6 We do not, in

6 Here we ignore the fact that we sometimes increase Rmicrojet in order to keep the number of microjets to

no larger than ten.
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FIG. 10: Splitting functions for final state QCD splittings of a b or b̄ quark.

Here there is no restriction on the angles ys,⇤s of the emitted soft parton. This is potentially
a very bad approximation, but in our case the approximation is tolerable because the emitted
soft parton is necessarily within the fat jet. When, in addition, there is no mother parton
K, this becomes

Hno-K =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kskh
�
�
µ2
J < k2

J

⇥
. (48)

B. Splitting probability for b � b+ g and b̄ � b̄+ g

Bottom quarks are created in the decay of a Higgs boson in signal events and by g � b+ b̄
splittings in background events. The bottom quarks can radiate gluons. These splittings
are represented by the splitting probabilities Hbbg and Hb̄gb̄ that are illustrated in Fig. 10.

A gluon emitted from the b quark is on the right of the daughter b quark in our history
diagram. If it is emitted from the b̄ quark, it is to the left of the b̄ quark in the diagram.
We take the splitting probability to be

Hbbg = Hb̄gb̄ =
CA�s(µ2

J)

2

1

µ2
J

k2
J

kbkg

⇥2bk
⇥2gb + ⇥2gk

�(kg < kb)�

⇤
2
µ2
J

kJ
<

µ2
K

kK

⌅
. (49)

This is similar to the splitting probability in Eq. (46). The matrix element squared in
the eikonal approximation is singular when the gluon momentum approaches zero, but not
when the daughter b or b̄ quark momentum approaches zero. Thus we impose the condition
kg < kb, where kb is the transverse momentum of the daughter b or b̄ quark and kg is the
transverse momentum of the daughter gluon. There is an angle factor in which b labels
daughter b or b̄ quark, g labels the emitted gluon, and k labels the color connected partner
of the b or b̄ quark.

C. Splitting probability for g � b+ b̄

We need one more QCD splitting probability, for f � b + b̄ for a high transverse mo-
mentum f = a or f = g parton. We model this as a g � b + b̄ splitting since we treat
f = a partons as being almost always gluons. Now, a g � b + b̄ splitting is rare compared
to g � g + g splittings, so we could simply approximate the probability for a g � b + b̄
splitting by zero. However, g � b + b̄ is the main background for the H � b + b̄ signal, so
we need to keep track of g � b+ b̄ splittings even if they have a small probability.
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In this section, we define the main part of the simplified shower, QCD
shower splittings.

A.
Splitting

probability
for g ⌅

g +
g

The splitting vertex for a QCD
splitting g ⌅

g +
g is represented by a function H

ggg as

illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition

is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for H
ggg for a g ⌅

g +
g splitting. We take the

mother parton to carry the label J
and we suppose that the daughter partons are labelled

A
and B, where A

caries the 3̄ color of the mother and is drawn on the left, while B
caries

the 3 color of the mother and is drawn on the right. The form
of the splitting probability

depends on which of the two daughter partons is the softer. We let h
be the label of the

harder daughter parton and s be the label of the softer daughter parton: k
s <

k
h .

By definition, k
s <

k
h . We first look at the splitting in the limit k

s ⇤
k
h . The splitting

probability is then dominated by graphs in which parton s is emitted from
a dipole consisting

of parton J
and some other parton, call it parton k. If s =

A, then the emitting dipole is

formed from
parton h =

B
and parton k =

k(J)L , while if s =
B, then the emitting dipole

is formed from
parton h =

A
and parton k =

k(J)R . The choice of k depends on which of

the two daughter partons is parton s, so where needed we will use the notation k(s) instead

of simply k.
For H, we start with

the dipole approximation
for the squared

matrix
element (with

µ 2
s =

µ 2
h =

0),

H
dipole ⇥ C

A�
s2

2 p
h · p

k

2 p
s · p

h 2 p
s · p

k .

(30)

We use

2 p
s · p

h =
2k

sk
h [cosh(y

s �
y
h )�

cos(⇤
s �

⇤
h )]

⇥
k
sk

h [(y
s �

y
h ) 2

+
(⇤

s �
⇤
h ) 2

]

=
k
sk

h ⇥ 2
sh ,

2 p
s · p

k ⇥
k
sk

k ⇥ 2
sk ,

2 p
h · p

k ⇥
k
hk

k ⇥ 2
hk ,

(31)
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VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),

Hdipole ⇥
CA�s

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys � yh)� cos(⇤s � ⇤h)]

⇥ kskh[(ys � yh)
2 + (⇤s � ⇤h)

2]

= kskh ⇥
2
sh ,

2 ps · pk ⇥ kskk ⇥
2
sk ,

2 ph · pk ⇥ khkk ⇥
2
hk ,

(31)
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In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),

Hdipole ⇥
CA�s

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys � yh)� cos(⇤s � ⇤h)]
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VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
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s = µ2

h = 0),
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VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),

Hdipole ⇥
CA�s

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys � yh)� cos(⇤s � ⇤h)]

⇥ kskh[(ys � yh)
2 + (⇤s � ⇤h)

2]

= kskh ⇥
2
sh ,

2 ps · pk ⇥ kskk ⇥
2
sk ,

2 ph · pk ⇥ khkk ⇥
2
hk ,

(31)
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VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),

Hdipole ⇥
CA�s

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys � yh)� cos(⇤s � ⇤h)]

⇥ kskh[(ys � yh)
2 + (⇤s � ⇤h)

2]

= kskh ⇥
2
sh ,
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(31)
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FIG. 6: Splitting functions for final state QCD splittings that are modeled as g ⌅ g + g

VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),

Hdipole ⇥
CA�s

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys � yh)� cos(⇤s � ⇤h)]
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2 + (⇤s � ⇤h)

2]

= kskh ⇥
2
sh ,
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sk ,
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2
hk ,

(31)
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VI. FINAL STATE QCD SHOWER SPLITTINGS

In this section, we define the main part of the simplified shower, QCD shower splittings.

A. Splitting probability for g ⌅ g + g

The splitting vertex for a QCD splitting g ⌅ g + g is represented by a function Hggg as
illustrated in Fig. 6. We call these the conditional splitting probabilities. Here the condition
is that the mother parton has not split already at a higher virtuality.

Let us examine what we should choose for Hggg for a g ⌅ g + g splitting. We take the
mother parton to carry the label J and we suppose that the daughter partons are labelled
A and B, where A caries the 3̄ color of the mother and is drawn on the left, while B caries
the 3 color of the mother and is drawn on the right. The form of the splitting probability
depends on which of the two daughter partons is the softer. We let h be the label of the
harder daughter parton and s be the label of the softer daughter parton: ks < kh.

By definition, ks < kh. We first look at the splitting in the limit ks ⇤ kh. The splitting
probability is then dominated by graphs in which parton s is emitted from a dipole consisting
of parton J and some other parton, call it parton k. If s = A, then the emitting dipole is
formed from parton h = B and parton k = k(J)L, while if s = B, then the emitting dipole
is formed from parton h = A and parton k = k(J)R. The choice of k depends on which of
the two daughter partons is parton s, so where needed we will use the notation k(s) instead
of simply k.

For H, we start with the dipole approximation for the squared matrix element (with
µ2
s = µ2

h = 0),

Hdipole ⇥
CA�s

2

2 ph · pk
2 ps · ph 2 ps · pk

. (30)

We use

2 ps · ph = 2kskh[cosh(ys � yh)� cos(⇤s � ⇤h)]

⇥ kskh[(ys � yh)
2 + (⇤s � ⇤h)

2]

= kskh ⇥
2
sh ,

2 ps · pk ⇥ kskk ⇥
2
sk ,

2 ph · pk ⇥ khkk ⇥
2
hk ,

(31)
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• And many more…
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• And for all backgrounds…
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we will have the best statistical significance for a measurement if we make �C(B) as small as
possible. Thus we seek to choose the cut so as to minimize �C(B) with �C(S) held constant.
The solution to this problem is to choose C({p, t}N) such the surface C({p, t}N) = 0 is
a surface of constant ⇥MC({p, t}N). That is, we should use signal and background cross
sections in which the function that defines the cut is taken to be

C({p, t}N) = ⇥MC({p, t}N)� ⇥0 (8)

for some ⇥0. If we make any small adjustment to this by removing an infinitesimal region
with ⇥MC({p, t}N) > ⇥0 from the cut and adding a region having the same signal cross
section but with ⇥MC({p, t}N) < ⇥0, we raise the total background cross section within the
cut while keeping the signal cross section the same. Thus using contours of ⇥MC({p, t}N) to
define our cut is the best that we can do.

What value of ⇥0 should one choose? For a simple optimized cut based analysis with a
given amount of integrated luminosity, one would choose ⇥0 so as to maximize the ratio of the
expected number of signal events to the square root of the expected number of background
events. We discuss this further in Sec. XI.

Instead of using an optimized cut on ⇥MC to separate signal from background, one could
imagine using a log likelihood ratio constructed from ⇥MC. We do not discuss that method
in this paper.

Now we must face the fact that to construct ⇥MC({p, t}N), we would need two things:
the di�erential cross section to find microjets {p, t}N in background events and then the
di�erential cross section to find microjets {p, t}N in signal events. In each case, we would
consider this di�erential cross section in a parton shower approximation to the full theory.
Unfortunately for us, a parton shower produces d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N by
producing Monte Carlo events at random according to these distributions. If we have 10
microjets described by 4 momentum variables each and we divide each of these 40 variables
into 12 bins, then we have approximately 1240/10! ⇥ 1036 total bins (accounting for the
interchange symmetry among the 10 microjets). The parton shower Monte Carlo event
generator will fill these bins with events, but it will be a long time before we have of order
100 counts per bin in order to estimate d�MC(S)/d{p, t}N and d�MC(B)/d{p, t}N at each bin
center. Thus it is not practical to calculate ⇥MC({p, t}N) numerically by generating Monte
Carlo events. It is also not practical to calculate ⇥MC({p, t}N) analytically using the shower
algorithms in Pythia or Herwig. These programs are very complicated, so that we have
no hope of finding PMC({p, t}N |S) and PMC({p, t}N |B) for either of them.

D. Probabilities according to simplified shower

What we need is an observable ⇥({p, t}N) that is an approximation to ⇥MC({p, t}N) such
that we can calculate ⇥({p, t}N) analytically for any given {p, t}N . For this purpose, we
define a simple, approximate shower algorithm, which we will call the simplified shower
algorithm. We let P ({p, t}N |S) and P ({p, t}N |B) be the probabilities to produce the mi-
crojet configuration {p, t}N in, respectively, signal and background events according to the
simplified shower algorithm. Define

⇥({p, t}N) =
P ({p, t}N |S)
P ({p, t}N |B)

. (9)

6

Analogously for the top decay (more involved as top colored)
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Conceptional difference compared to Higgs from last year:

• Splitting functions for massive emitter and spectator

• Full matrix element for top decay
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chi distribution for top vs QCD
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Chi distribution 
insensitive to pileup

Shower deconstruction tagger 
improves on best other 

taggers by factor 2-4 in S/B 
over large efficiency range

shower 


deconstruction

53Bologna               ISMD      Michael Spannowsky             12.09.2014                   



Summary

Tagging EW-scale resonances is necessary at 14/13 TeV LHC

Many methods have been proposed which 
exploit different physics

Experiments are studying many of them but 
physics potential still by far not fully exploited
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For that purpose detailed understanding of QCD important
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