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Goals of pileup removal 
May 17, 2014 Matthew Schwartz 

Pile-Up ⌘ Z0 ! µµ candidate event with NPV = 25 from 2012

S. Menke, MPP München ⇣ Pile-Up in Jets in ATLAS ⌘ BOOST, 12-16. Aug 2013, Flagstaff, AZ 7

1.  Reconstruct kinematic observables 
•  Easiest pileup removal technique: small R 
•  Anti-kT R=0.4 standard 

•  about as small as we can go 

2.  Reconstruct substructure observables 
•  Do boosted techniques work at high piluep? 

•  Want R = 1.0 or larger 
•  Can we maintain correlations between observables at high pileup 

•  PU removal should be observable-independent 

3.  Maintain search reach 
•  Remove PU from signal and background 
•  How does PU removal work with jet grooming? 
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1. S/B or S/√B 
•  Appropriate for search reach studies 

2. Offset (pT
cor – pT

truth) and dispersion/resolution 
•  zero offset not essential -- can be corrected (as in ATLAS) 

3. Pearson linear correlation coefficient 
•  Standard statistical measure 
•  Nice properties: constant offset = 100% correlated 
•  Ideal combination of offset and dispersion. 

4. Visualizations 

LV only 
PU removed 
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Correlation coefficients 
Divorce rate in Maine 

vs 
Per capita consumption of margarine in the US 

99.2% correlated 



Grooming and Subtraction

Grooming returns a subset of the jet constituents.

I Filtering (+ mass drop) [Butterworth, Davison, Rubin, Salam; arxiv:0802.2470]

I Pruning [Ellis, Vermilion, Walsh; arxiv:0903.5081, arxiv:0912.0033]

I Trimming [Krohn, Thaler, Wang; arxiv:0912.1342]

Subtraction corrects and returns the jet four-vector or shape value.

I Area subtraction [Cacciari, Salam; arxiv:0707.1378]

p
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I Shape subtraction [Soyez, Salam, Kim, Dutta, Cacciari; arxiv:1211.2811]
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Area subtraction 
May 17, 2014 Matthew Schwartz 

Estimate amount of pileup contamination ρ in an event from control regions 

Use to correction jet 4-momentum Use it to correct jet shapes (e.g. mass) 

Works great on data 
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Figure 24: The mean anti-kt, R=0.4, LCW jet multiplicity against hµi in Z + jet events for jets with pT >
20 GeV and |⌘| < 2.1, 2.1 < |⌘| < 3.2 and 3.2 < |⌘| < 4.5 requiring at least 1 jet both before and after the
application of the pile-up correction.
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Tracking information 
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Charged 

1.  Charged Hadron Subtraction 
•  Used by CMS (at least). Simply drop charged particles not from primary vertex 
•  Since ~65% of particles are charged, this works well. 
•  At very large pileup, the other 35% can really hurt 

Neutral 



Tracking information 
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Charged 

Neutral 

Can we do better? 

1.  Charged Hadron Subtraction 
•  Used by CMS (at least). Simply drop charged particles not form primary vertex 
•  Since ~65% of particles are charged, this works well. 
•  At very large pileup, the other 35% can really hurt 

2.  Jet vertex fraction = fraction of charged energy coming from pileup vertex 
•  Cutting on JVF cleans event sample 
•  Also does not scale well at large pileup 



Cleansing 
May 17, 2014 Matthew Schwartz 

We want to correct each jet in an observable-independent way 
•  Important for multivariate analysis 
•  Theory-independent 

 
We want to combine tracking and calorimeter information optimally 

1.  Correcting subjets allows for observable-independence 

2.  Charged/neutral ratio is less variable in pileup than in jets. 

Two simple insights 



Use subjets 
May 17, 2014 Matthew Schwartz 

•  Natural infrared safe constituents are subjets 
•  Find jets, then recluster at smaller R. 
•  Can drop some soft subjets (e.g. filtering, trimming, pruning)  

Let’s try to correct each subjet: 
•  Observable independent 
•  Same correction should reproduce most infrared-safe observables 

•  Jet 4-momentum 
•  Jet shapes (mass, n-subjettiness, moments) 



Inputs to cleansing 
Let us assume we can measure 

= total momentum in a subjet (charge+neutral) 

2

mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [31, 34, 35]. These methods demonstrated the
power of reclustering a large R jet into jets of smaller
R and have been validated in data. We find similarly
that pileup removal can be much more e↵ective if done
on subjets with R

sub

= 0.2 or R
sub

= 0.3 rather than
on full jets. Cleansing attempts to tailor the degree of
energy rescaling within a jet based on locally measured
levels of charged and neutral particles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into �⌘ ⇥�� = 0.1⇥ 0.1 “calorime-
ter cells”, discarding any cells with E < 1 GeV. These
calorimeter cells are then clustered into subjets of size
R

sub

. We assume the charged particles can all be tagged
as either coming from the leading vertex or not, and we
associate them to the nearest calorimeter cell. The in-
put to cleansing is therefore three numbers per subjet:
the total transverse momentum, ptotT , the pT in charged

particles from the leading vertex, pC,LV

T , and the pT from

charged particles from pileup, pC,PU

T . using these three
inputs. Jet cleansing aims to best extract the total mo-
mentum from the leading vertex only, pLVµ , using these
three inputs to rescale the four-vector constituents of the
measured subjet ptotµ .

We propose three methods of varying sophistication
with which pLVµ can be guessed. Before explaining

them, it is helpful to define �
0

⌘ pC,PU

T /pPU

T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
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or �
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for any par-
ticular subjet, they are constrained by

ptotT =
pC,PU

T

�
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pC,LV

T

�
1

. (1)

The first method, which we call JVF cleansing sim-
ply assumes �

0

= �
1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that

pLVµ = ptotµ ⇥ pC,LV

T

pC,LV

T + pC,PU

T

. (2)

JVF cleansing is similar to methods ATLAS has used (on
the jet level). However, while e↵ective, JVF cleansing
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.

omits two important e↵ects. First, there are large fluc-
tuations in both �

0

and �
1

from subjet to subjet. The
other problem is that the expected values of �

0

and �
1

are
not the same. The di↵erence is largely due the the fact
that detector resolution treats soft and hard particles,
and charged and neutral particles di↵erently.

To improve on JVF cleansing, we observe that the
�
0

distribution is determined by fragmentation follow-
ing many independent secondary collisions, while �

1

is
largely due to the fragmentation of a single hard par-
ton. Thus, the fluctuations of �

0

around its mean should
decrease with N

PU

, while the fluctuations of �
1

are N
PU

-
independent. This can be seen in Fig. 3, which shows
the �

0

distribution for events with no leading vertex for
various values of N

PU

. So an alternative to JVF cleans-
ing is to take �

0

to be a constant, called �
0

. Based on
Fig. 3, we choose �

0

= 0.55. In fact, the distribution
of �

0

is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �

0

⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �

0

decreases with increas-
ing N

PU

. Experimentally, �
0

can be determined from
minimum bias events in data.

= total charged energy in subjet coming from leading vertex 

2

mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [31, 34, 35]. These methods demonstrated the
power of reclustering a large R jet into jets of smaller
R and have been validated in data. We find similarly
that pileup removal can be much more e↵ective if done
on subjets with R

sub

= 0.2 or R
sub

= 0.3 rather than
on full jets. Cleansing attempts to tailor the degree of
energy rescaling within a jet based on locally measured
levels of charged and neutral particles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into �⌘ ⇥�� = 0.1⇥ 0.1 “calorime-
ter cells”, discarding any cells with E < 1 GeV. These
calorimeter cells are then clustered into subjets of size
R

sub

. We assume the charged particles can all be tagged
as either coming from the leading vertex or not, and we
associate them to the nearest calorimeter cell. The in-
put to cleansing is therefore three numbers per subjet:
the total transverse momentum, ptotT , the pT in charged

particles from the leading vertex, pC,LV

T , and the pT from

charged particles from pileup, pC,PU

T . using these three
inputs. Jet cleansing aims to best extract the total mo-
mentum from the leading vertex only, pLVµ , using these
three inputs to rescale the four-vector constituents of the
measured subjet ptotµ .

We propose three methods of varying sophistication
with which pLVµ can be guessed. Before explaining

them, it is helpful to define �
0

⌘ pC,PU

T /pPU

T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
0

or �
1

for any par-
ticular subjet, they are constrained by

ptotT =
pC,PU

T

�
0

+
pC,LV

T

�
1

. (1)

The first method, which we call JVF cleansing sim-
ply assumes �

0

= �
1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that

pLVµ = ptotµ ⇥ pC,LV

T

pC,LV

T + pC,PU

T

. (2)

JVF cleansing is similar to methods ATLAS has used (on
the jet level). However, while e↵ective, JVF cleansing

Leading primary vertex only (Truth)
0 500 1000 1500 2000

 p
ile

up
〉

14
0

〈
+ 

0

500

1000

1500

2000
[GeV]Dijet invariant mass 

No correction
44.8% correlated

[GeV]Dijet invariant mass 

Leading primary vertex only (Truth)
0 200 400 600

 p
ile

up
〉

14
0

〈
+ 

0

200

400

600
[GeV]Jet mass 

No correction
41.1% correlated

[GeV]Jet mass 

Leading primary vertex only (Truth)
0 500 1000 1500 2000

 p
ile

up
 +

 S
ub

tra
ct

io
n

〉
14

0
〈

+ 

0

500

1000

1500

2000
Area subtraction
85.5% correlated

Leading primary vertex only (Truth)
0 200 400 600

 p
ile

up
 +

 S
ub

tra
ct

io
n

〉
14

0
〈

+ 

0

200

400

600
Shape subtraction
55.1% correlated

Leading primary vertex only (Truth)
0 500 1000 1500 2000

 p
ile

up
 +

 C
le

an
si

ng
〉

14
0

〈
+ 

0

500

1000

1500

2000
Linear cleansing
98.3% correlated

Leading primary vertex only (Truth)
0 200 400 600

 p
ile

up
 +

 C
le

an
si

ng
〉

14
0

〈
+ 

0

200

400

600
Linear cleansing
94.5% correlated

FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.

omits two important e↵ects. First, there are large fluc-
tuations in both �

0

and �
1

from subjet to subjet. The
other problem is that the expected values of �

0

and �
1

are
not the same. The di↵erence is largely due the the fact
that detector resolution treats soft and hard particles,
and charged and neutral particles di↵erently.

To improve on JVF cleansing, we observe that the
�
0

distribution is determined by fragmentation follow-
ing many independent secondary collisions, while �

1

is
largely due to the fragmentation of a single hard par-
ton. Thus, the fluctuations of �

0

around its mean should
decrease with N

PU

, while the fluctuations of �
1

are N
PU

-
independent. This can be seen in Fig. 3, which shows
the �

0

distribution for events with no leading vertex for
various values of N

PU

. So an alternative to JVF cleans-
ing is to take �

0

to be a constant, called �
0

. Based on
Fig. 3, we choose �

0

= 0.55. In fact, the distribution
of �

0

is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �

0

⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �

0

decreases with increas-
ing N

PU

. Experimentally, �
0

can be determined from
minimum bias events in data.

= total charged energy in subjet coming from PU vertices 
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mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.
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tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.
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1. Neutral proportional to charged (NpC) 

pT = 50 GeV subjet, no pileup 

Very broad distribution 

•  Energy in charged and neutral very uncorrelated 
•  Does not work very well 
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T

ptot,LVT

(isospin limit) ⇡ 2

3
� =

energy in charged particles

total energy

Assume is constant 

method then further estimates and subtracts the neutral pileup component by assuming it
to be proportional to the charged pileup component. At least two variants can be conceived
of.

If the charged pileup particles are kept as part of the jet during clustering, then the
corrected jet momentum is [8]

pjet,subµ = pjetµ −
1

γ0
pjet,chg-PUµ , (1)

where pjet,chg-PUµ is the four-momentum of the charged-pileup particles in the jet and γ0 is
the average fraction of pileup transverse momentum that is carried by charged particles.

If the charged pileup particles are not directly included in the clustering (i.e. it is the
CHS event that is provided to the clustering), then one does have any information on which
charged particles should be used to estimate the neutral pileup in a given jet. This problem
can be circumvented by a clustering an “emulated” CHS event, in which the charged-pileup
particles are kept, but with their momenta rescaled by an infinitesimal factor ε. In this
case the correction becomes

pjet,subµ = pjet,CHS
µ −

1− γ0
γ0ε

pjet,rescaled-chg-PUµ , (2)

where pjet,CHS
µ is the momentum of the jet as obtained from the emulated CHS event, while

pjet,rescaled-chg-PUµ is the summed momentum of the rescaled charged-pileup particles that are
in the jet.

There are multiple issues that may be of concern for the NpC method. For example,
calorimeter fluctuations can limit the experiments’ ability to accurately remove the charged
pileup component as measured with tracks. For out-of-time pileup, which contributes to
calorimetric energy deposits, charged-track information may not be available at all. In any
case, charged-track information covers only a limited range of detector pseudorapidities.
Additionally there are subtleties with hadron masses: in effect, γ0 is different for transverse
components and for longitudinal components. In this work we will avoid this problem by
treating all particles as massless.3 The importance of the above limitations can only be
fully evaluated in an experimental context.

We will be comparing NpC to the area–median method. The latter makes a global
estimate of pileup transverse-momentum flow per unit area, ρ, by dividing an event into
similarly sized patches and taking the median of the transverse-momentum per unit area
across all the patches. It then corrects each jet using the globally estimated ρ and the
individual jet’s area, Aµ,4

pjet,subµ = pjetµ − ρAµ . (3)

3Particle momenta are modified so as to become massless while conserving pt, rapidity and azimuth.
4The area–median ρ determination can be adapted to use just the jet’s neighbourhood (e.g. as discussed

in the context of heavy-ion collisions [16]), however it can never be restricted to just the jet. With suitable
adaptations, the area–median method can be applied to characteristics of jets other than the 4-momentum,
e.g. jet shapes [17] and moments of fragmentation functions [18].
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2. JVF cleansing 
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mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [31, 34, 35]. These methods demonstrated the
power of reclustering a large R jet into jets of smaller
R and have been validated in data. We find similarly
that pileup removal can be much more e↵ective if done
on subjets with R

sub

= 0.2 or R
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= 0.3 rather than
on full jets. Cleansing attempts to tailor the degree of
energy rescaling within a jet based on locally measured
levels of charged and neutral particles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into �⌘ ⇥�� = 0.1⇥ 0.1 “calorime-
ter cells”, discarding any cells with E < 1 GeV. These
calorimeter cells are then clustered into subjets of size
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sub

. We assume the charged particles can all be tagged
as either coming from the leading vertex or not, and we
associate them to the nearest calorimeter cell. The in-
put to cleansing is therefore three numbers per subjet:
the total transverse momentum, ptotT , the pT in charged

particles from the leading vertex, pC,LV
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T . using these three
inputs. Jet cleansing aims to best extract the total mo-
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The first method, which we call JVF cleansing sim-
ply assumes �

0
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1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that
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JVF cleansing is similar to methods ATLAS has used (on
the jet level). However, while e↵ective, JVF cleansing
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.

omits two important e↵ects. First, there are large fluc-
tuations in both �

0

and �
1

from subjet to subjet. The
other problem is that the expected values of �

0

and �
1

are
not the same. The di↵erence is largely due the the fact
that detector resolution treats soft and hard particles,
and charged and neutral particles di↵erently.

To improve on JVF cleansing, we observe that the
�
0

distribution is determined by fragmentation follow-
ing many independent secondary collisions, while �

1

is
largely due to the fragmentation of a single hard par-
ton. Thus, the fluctuations of �

0

around its mean should
decrease with N

PU

, while the fluctuations of �
1

are N
PU

-
independent. This can be seen in Fig. 3, which shows
the �

0

distribution for events with no leading vertex for
various values of N

PU

. So an alternative to JVF cleans-
ing is to take �

0

to be a constant, called �
0

. Based on
Fig. 3, we choose �

0

= 0.55. In fact, the distribution
of �

0

is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �

0

⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �

0

decreases with increas-
ing N

PU

. Experimentally, �
0

can be determined from
minimum bias events in data.
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Sharper and sharper with more pileup 
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Key insight: Piluep is stochastic (Poisson) 

� =

energy in charged particles

total energy

If you average a bunch of Gaussians, the width scales like 
1p
NPU

2

mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [31, 34, 35]. These methods demonstrated the
power of reclustering a large R jet into jets of smaller
R and have been validated in data. We find similarly
that pileup removal can be much more e↵ective if done
on subjets with R

sub

= 0.2 or R
sub

= 0.3 rather than
on full jets. Cleansing attempts to tailor the degree of
energy rescaling within a jet based on locally measured
levels of charged and neutral particles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into �⌘ ⇥�� = 0.1⇥ 0.1 “calorime-
ter cells”, discarding any cells with E < 1 GeV. These
calorimeter cells are then clustered into subjets of size
R

sub

. We assume the charged particles can all be tagged
as either coming from the leading vertex or not, and we
associate them to the nearest calorimeter cell. The in-
put to cleansing is therefore three numbers per subjet:
the total transverse momentum, ptotT , the pT in charged

particles from the leading vertex, pC,LV

T , and the pT from

charged particles from pileup, pC,PU

T . using these three
inputs. Jet cleansing aims to best extract the total mo-
mentum from the leading vertex only, pLVµ , using these
three inputs to rescale the four-vector constituents of the
measured subjet ptotµ .

We propose three methods of varying sophistication
with which pLVµ can be guessed. Before explaining

them, it is helpful to define �
0

⌘ pC,PU

T /pPU

T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
0

or �
1

for any par-
ticular subjet, they are constrained by

ptotT =
pC,PU

T

�
0

+
pC,LV

T

�
1

. (1)

The first method, which we call JVF cleansing sim-
ply assumes �

0

= �
1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that

pLVµ = ptotµ ⇥ pC,LV

T

pC,LV

T + pC,PU

T

. (2)

JVF cleansing is similar to methods ATLAS has used (on
the jet level). However, while e↵ective, JVF cleansing
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.

omits two important e↵ects. First, there are large fluc-
tuations in both �

0

and �
1

from subjet to subjet. The
other problem is that the expected values of �

0

and �
1

are
not the same. The di↵erence is largely due the the fact
that detector resolution treats soft and hard particles,
and charged and neutral particles di↵erently.

To improve on JVF cleansing, we observe that the
�
0

distribution is determined by fragmentation follow-
ing many independent secondary collisions, while �

1

is
largely due to the fragmentation of a single hard par-
ton. Thus, the fluctuations of �

0

around its mean should
decrease with N

PU

, while the fluctuations of �
1

are N
PU

-
independent. This can be seen in Fig. 3, which shows
the �

0

distribution for events with no leading vertex for
various values of N

PU

. So an alternative to JVF cleans-
ing is to take �

0

to be a constant, called �
0

. Based on
Fig. 3, we choose �

0

= 0.55. In fact, the distribution
of �

0

is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �

0

⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �

0

decreases with increas-
ing N

PU

. Experimentally, �
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can be determined from
minimum bias events in data.
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FIG. 3. Left: the distribution of �0, the charged to total pT
ratio in pileup, for various average number of pileup interac-
tions. Right: the correlation between the true value of �1,
the charged to total pT ratio coming from the leading vertex,
with its approximation using Eq. (3).

Taking �
0

= �
0

for all subjets, we can then solve Eq. (1)
for �

1

. This gives

�
1

=
pC,LV

T

ptotT � pC,PU

T /�
0

(3)

The correlation of �
1

from solving this equation with the
truth-level �

1

is shown in Fig. 3 at N
PU

= 140. We find
a 96.6% correlation. Using �

1

to solve for pLVµ we get

pLVµ = ptotµ ⇥
 
1� pC,PU

T

�
0

⇥ ptotT

!
. (4)

which is linear in pC,PU

T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N

PU

! 1, the �
0

distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
ing, the �

1

and �
0

distributions are approximated as
truncated Gaussians:

P (�
0

, �
1

) / exp

2

4�1

2

X

i=0,1

✓
�i � �i

�i

◆
2

3

5 (5)

for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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FIG. 4. Linear correlation coe�cients as a function of pileup
for the dijet invariant mass and the jet mass. Higher values
are better.

for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.

�ptot,PU

T

Linear cleansing 
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mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [31, 34, 35]. These methods demonstrated the
power of reclustering a large R jet into jets of smaller
R and have been validated in data. We find similarly
that pileup removal can be much more e↵ective if done
on subjets with R

sub

= 0.2 or R
sub

= 0.3 rather than
on full jets. Cleansing attempts to tailor the degree of
energy rescaling within a jet based on locally measured
levels of charged and neutral particles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into �⌘ ⇥�� = 0.1⇥ 0.1 “calorime-
ter cells”, discarding any cells with E < 1 GeV. These
calorimeter cells are then clustered into subjets of size
R

sub

. We assume the charged particles can all be tagged
as either coming from the leading vertex or not, and we
associate them to the nearest calorimeter cell. The in-
put to cleansing is therefore three numbers per subjet:
the total transverse momentum, ptotT , the pT in charged

particles from the leading vertex, pC,LV

T , and the pT from

charged particles from pileup, pC,PU

T . using these three
inputs. Jet cleansing aims to best extract the total mo-
mentum from the leading vertex only, pLVµ , using these
three inputs to rescale the four-vector constituents of the
measured subjet ptotµ .

We propose three methods of varying sophistication
with which pLVµ can be guessed. Before explaining

them, it is helpful to define �
0

⌘ pC,PU

T /pPU

T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
0

or �
1

for any par-
ticular subjet, they are constrained by

ptotT =
pC,PU

T

�
0

+
pC,LV

T

�
1

. (1)

The first method, which we call JVF cleansing sim-
ply assumes �

0

= �
1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that

pLVµ = ptotµ ⇥ pC,LV

T

pC,LV

T + pC,PU

T

. (2)

JVF cleansing is similar to methods ATLAS has used (on
the jet level). However, while e↵ective, JVF cleansing
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.

omits two important e↵ects. First, there are large fluc-
tuations in both �

0

and �
1

from subjet to subjet. The
other problem is that the expected values of �

0

and �
1

are
not the same. The di↵erence is largely due the the fact
that detector resolution treats soft and hard particles,
and charged and neutral particles di↵erently.

To improve on JVF cleansing, we observe that the
�
0

distribution is determined by fragmentation follow-
ing many independent secondary collisions, while �

1

is
largely due to the fragmentation of a single hard par-
ton. Thus, the fluctuations of �

0

around its mean should
decrease with N

PU

, while the fluctuations of �
1

are N
PU

-
independent. This can be seen in Fig. 3, which shows
the �

0

distribution for events with no leading vertex for
various values of N

PU

. So an alternative to JVF cleans-
ing is to take �

0

to be a constant, called �
0

. Based on
Fig. 3, we choose �

0

= 0.55. In fact, the distribution
of �

0

is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �

0

⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �

0

decreases with increas-
ing N

PU

. Experimentally, �
0

can be determined from
minimum bias events in data.
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mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [31, 34, 35]. These methods demonstrated the
power of reclustering a large R jet into jets of smaller
R and have been validated in data. We find similarly
that pileup removal can be much more e↵ective if done
on subjets with R

sub

= 0.2 or R
sub

= 0.3 rather than
on full jets. Cleansing attempts to tailor the degree of
energy rescaling within a jet based on locally measured
levels of charged and neutral particles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into �⌘ ⇥�� = 0.1⇥ 0.1 “calorime-
ter cells”, discarding any cells with E < 1 GeV. These
calorimeter cells are then clustered into subjets of size
R

sub

. We assume the charged particles can all be tagged
as either coming from the leading vertex or not, and we
associate them to the nearest calorimeter cell. The in-
put to cleansing is therefore three numbers per subjet:
the total transverse momentum, ptotT , the pT in charged

particles from the leading vertex, pC,LV

T , and the pT from

charged particles from pileup, pC,PU

T . using these three
inputs. Jet cleansing aims to best extract the total mo-
mentum from the leading vertex only, pLVµ , using these
three inputs to rescale the four-vector constituents of the
measured subjet ptotµ .

We propose three methods of varying sophistication
with which pLVµ can be guessed. Before explaining

them, it is helpful to define �
0

⌘ pC,PU

T /pPU

T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
0

or �
1

for any par-
ticular subjet, they are constrained by

ptotT =
pC,PU

T

�
0

+
pC,LV

T

�
1

. (1)

The first method, which we call JVF cleansing sim-
ply assumes �

0

= �
1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that

pLVµ = ptotµ ⇥ pC,LV

T

pC,LV

T + pC,PU

T

. (2)

JVF cleansing is similar to methods ATLAS has used (on
the jet level). However, while e↵ective, JVF cleansing
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.

omits two important e↵ects. First, there are large fluc-
tuations in both �

0

and �
1

from subjet to subjet. The
other problem is that the expected values of �

0

and �
1

are
not the same. The di↵erence is largely due the the fact
that detector resolution treats soft and hard particles,
and charged and neutral particles di↵erently.

To improve on JVF cleansing, we observe that the
�
0

distribution is determined by fragmentation follow-
ing many independent secondary collisions, while �

1

is
largely due to the fragmentation of a single hard par-
ton. Thus, the fluctuations of �

0

around its mean should
decrease with N

PU

, while the fluctuations of �
1

are N
PU

-
independent. This can be seen in Fig. 3, which shows
the �

0

distribution for events with no leading vertex for
various values of N

PU

. So an alternative to JVF cleans-
ing is to take �

0

to be a constant, called �
0

. Based on
Fig. 3, we choose �

0

= 0.55. In fact, the distribution
of �

0

is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �

0

⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �

0

decreases with increas-
ing N

PU

. Experimentally, �
0

can be determined from
minimum bias events in data.
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FIG. 3. Left: the distribution of �0, the charged to total pT
ratio in pileup, for various average number of pileup interac-
tions. Right: the correlation between the true value of �1,
the charged to total pT ratio coming from the leading vertex,
with its approximation using Eq. (3).

Taking �
0

= �
0

for all subjets, we can then solve Eq. (1)
for �

1

. This gives

�
1

=
pC,LV

T

ptotT � pC,PU

T /�
0

(3)

The correlation of �
1

from solving this equation with the
truth-level �

1

is shown in Fig. 3 at N
PU

= 140. We find
a 96.6% correlation. Using �

1

to solve for pLVµ we get

pLVµ = ptotµ ⇥
 
1� pC,PU

T

�
0

⇥ ptotT

!
. (4)

which is linear in pC,PU

T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N

PU

! 1, the �
0

distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
ing, the �

1

and �
0

distributions are approximated as
truncated Gaussians:

P (�
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, �
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) / exp

2
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�i

◆
2

3

5 (5)

for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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FIG. 4. Linear correlation coe�cients as a function of pileup
for the dijet invariant mass and the jet mass. Higher values
are better.

for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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FIG. 3. Left: the distribution of �0, the charged to total pT
ratio in pileup, for various average number of pileup interac-
tions. Right: the correlation between the true value of �1,
the charged to total pT ratio coming from the leading vertex,
with its approximation using Eq. (3).

Taking �
0

= �
0

for all subjets, we can then solve Eq. (1)
for �

1

. This gives

�
1

=
pC,LV

T

ptotT � pC,PU

T /�
0

(3)

The correlation of �
1

from solving this equation with the
truth-level �

1

is shown in Fig. 3 at N
PU

= 140. We find
a 96.6% correlation. Using �

1

to solve for pLVµ we get

pLVµ = ptotµ ⇥
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⇥ ptotT

!
. (4)

which is linear in pC,PU

T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N

PU

! 1, the �
0

distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
ing, the �

1

and �
0

distributions are approximated as
truncated Gaussians:
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for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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FIG. 4. Linear correlation coe�cients as a function of pileup
for the dijet invariant mass and the jet mass. Higher values
are better.

for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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for �
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T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N
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! 1, the �
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distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
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and �
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distributions are approximated as
truncated Gaussians:
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for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �
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and �
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satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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FIG. 4. Linear correlation coe�cients as a function of pileup
for the dijet invariant mass and the jet mass. Higher values
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for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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Taking �
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T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
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! 1, the �
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distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
ing, the �
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and �
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distributions are approximated as
truncated Gaussians:
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for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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Taking �
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= �
0

for all subjets, we can then solve Eq. (1)
for �

1

. This gives
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The correlation of �
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from solving this equation with the
truth-level �
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is shown in Fig. 3 at N
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= 140. We find
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which is linear in pC,PU

T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N

PU

! 1, the �
0

distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
ing, the �
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and �
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distributions are approximated as
truncated Gaussians:
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for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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Taking �
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from solving this equation with the
truth-level �
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is shown in Fig. 3 at N
PU

= 140. We find
a 96.6% correlation. Using �

1

to solve for pLVµ we get

pLVµ = ptotµ ⇥
 
1� pC,PU

T

�
0

⇥ ptotT

!
. (4)
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T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N
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! 1, the �
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distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.
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for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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FIG. 3. Left: the distribution of �0, the charged to total pT
ratio in pileup, for various average number of pileup interac-
tions. Right: the correlation between the true value of �1,
the charged to total pT ratio coming from the leading vertex,
with its approximation using Eq. (3).

Taking �
0

= �
0

for all subjets, we can then solve Eq. (1)
for �

1

. This gives

�
1

=
pC,LV

T

ptotT � pC,PU

T /�
0

(3)

The correlation of �
1

from solving this equation with the
truth-level �

1

is shown in Fig. 3 at N
PU

= 140. We find
a 96.6% correlation. Using �

1

to solve for pLVµ we get

pLVµ = ptotµ ⇥
 
1� pC,PU

T

�
0

⇥ ptotT

!
. (4)

which is linear in pC,PU

T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N

PU

! 1, the �
0

distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
ing, the �

1

and �
0

distributions are approximated as
truncated Gaussians:
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for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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FIG. 4. Linear correlation coe�cients as a function of pileup
for the dijet invariant mass and the jet mass. Higher values
are better.

for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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of CHS with area-subtraction and trimming performs slightly better still. The better
performance of methods that use area–median subtraction (with CHS) as compared to
NpC-type methods is precisely what one would expect based on our findings in section 2,
though the magnitude of the difference between cleansing and area subtraction is perhaps
surprising.

KLSW also studied the performance of cleansing for the jet mass. The main results
extracted from their Fig. 4 (right) are shown in our Fig. 5 (left), while illustrative results
from our studies are shown in Fig. 5 (right). As for the dijet mass, KLSW’s results imply
that cleansing brings a huge improvement relative to other methods. In contrast, in our
studies, cleansing only slightly outperforms CHS with area subtraction. On the other hand,
CHS with area subtraction and trimming is slightly better than cleansing. Cleansing for jet
masses was studied also in Ref. [11], which similarly found little difference in performance
compared to trimming (or compared to another method, corrJVF-trimming).

It is natural to ask whether there are differences between our study and KLSW’s that
could explain the very different conclusions. As mentioned above, for none of the many
variations of our study that we carried out did we observe a pattern of results consistent
with that of KLSW. Some of the variations that we tried are discussed in appendix A.

The correlation coefficients used in figures 4 and 5 have a number of potential drawbacks
as estimators of the performance of pileup removal (see appendix B for a full discussion).
Accordingly Fig. 6 presents the average offset (left) and dispersion (right) for the full,
subtracted jet relative to the original hard jet. We examine both the jet pt (top row) and
the jet mass (bottom row). Solid lines are without trimming (“ungroomed”), while dashed
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FIG. 3. Left: the distribution of �0, the charged to total pT
ratio in pileup, for various average number of pileup interac-
tions. Right: the correlation between the true value of �1,
the charged to total pT ratio coming from the leading vertex,
with its approximation using Eq. (3).

Taking �
0

= �
0

for all subjets, we can then solve Eq. (1)
for �

1

. This gives

�
1

=
pC,LV

T

ptotT � pC,PU

T /�
0

(3)

The correlation of �
1

from solving this equation with the
truth-level �

1

is shown in Fig. 3 at N
PU

= 140. We find
a 96.6% correlation. Using �

1

to solve for pLVµ we get

pLVµ = ptotµ ⇥
 
1� pC,PU

T

�
0

⇥ ptotT

!
. (4)

which is linear in pC,PU

T and does not depend on pC,LV

T or
the JVF. We call this method linear cleansing. As
N

PU

! 1, the �
0

distribution as in Fig. 3 becomes
sharper. Thus, linear cleansing becomes more and more
e↵ective as pileup increases. Even for moderate pileup,
linear cleansing takes advantage of the fact that the
stochastic nature of pileup makes the uncertainty on �

0

less than on �
1

. Linear cleansing often yields an improve-
ment over JVF cleansing and area/shape/charged hadron
subtraction, as we quantify shortly1.

In the third method, which we call Gaussian cleans-
ing, the �

1

and �
0

distributions are approximated as
truncated Gaussians:
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for 0  �i  1 where �i and �i are the mean and widths of
the Gaussian approximations2. We then find the values
of �

0

and �
1

satisfying Eq. (1) which maximize Eq. (5).
This approximation requires four input parameters but

1 Occasionally, linear cleansing results in a negative rescaling.
When this happens we revert to JVF cleansing.

2 In what follows we will take �0 = 0.55, �1 = 0.62, �0 = 0.15 and
�1 = 0.22, although we have seen that the results are not very
sensitive to these choices.
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FIG. 4. Linear correlation coe�cients as a function of pileup
for the dijet invariant mass and the jet mass. Higher values
are better.

for this one is rewarded with further increases in perfor-
mance.
We have implemented these three methods in a Fastjet

plugin which can be obtained at http://jets.physics.
harvard.edu/Cleansing and as part of the Fastjet Con-
trib project, http://fastjet.hepforge.org/contrib.
Below we will compare each of the three cleansing

methods to subtraction and CHS, all with and without
jet grooming. For CHS we follow CMS and remove all
charged pileup before applying area subtraction calcu-
lated from just neutral energy depositions. We find that
cleansing naturally dovetails with filtering and trimming,
which already employ subjets. Here we will adopt the
trimming procedure and supplement cleansing by apply-
ing a cut on the ratio f of the subjet pT (after cleansing)
to the total jet pT . Subjets with f < f

cut

are discarded.
The technical details of our simulation are as follows.

Jets are clustered using with the anti-kT [36] algorithm
implemented in Fastjet v3.0.3 [37]. Events are gener-
ated at matrix-element level using Madgraph5 v1.5.8 [38]
and showered with Pythia v8.176, tune 4C [39]. To sim-
ulate pileup events we generate minimum bias events
drawn from a Poisson distribution and overlap them
onto the hard scattering event. In the samples below
we start always with R = 1.0 anti-kT jets before ap-
plying any grooming/cleansing algorithms 3. Where we
do trim/cleanse we employ R

sub

= 0.3 subjets4 and take
f
cut

= 0.05. Our signal process comes from a color-singlet
resonance with mass 500 GeV decaying into qq̄ dijets,
while our background is from QCD dijet events all at
E

CM

= 13 TeV. We apply a cut requiring our jets satisfy
pT > 150 GeV and |⌘| < 2.5 before grooming/cleansing
methods are applied.
To test jet cleansing, we compare its performance to

other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-

3 We choose R = 1.0 for simplicity, di↵erent procedures may have
di↵erent optimal R values. However, we have seen that varying
the choice of R does not change out conclusions.

4 In general we find smaller Rsub o↵ers marginal improvement.
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FIG. 6. Linear correlation coe�cients as a function of pileup
for the dijet invariant mass and the jet mass. Higher values
are better.

To test jet cleansing, we compare its performance to
other methods in the reconstruction of both a kinematic
variable, the dijet invariant mass, and a jet shape vari-
able, the jet mass. As measures of performance, we con-
sider significance as approximated by S/

p
B, where S

and B are the number of signal or background events
in a 40 GeV window (the center of the window is floated
separately to optimize significance for each method). For
signal events, we also compute the Pearson linear correla-
tion coe�cient r between the observable with and with-
out pileup contamination. The correlation coe�cient is a
useful measure here because the objective of cleansing is
to restore the full representation of the jet. While corre-
lations can be sensitive to the tails of distributions a high
correlation indicates the method is successfully returning
the jet to its uncontaminated state.

Results for the dijet invariant mass and jet mass are
presented in Tables I and II respectively. Correlations for
sample distributions are shown in Figs. 3 and 4 and the

Significance improvement

Algorithm
NPU = 20 NPU = 140

plain trimmed plain trimmed

CH + area Sub. 0.86 1.07 0.48 0.90
Area subtraction 0.87 1.00 0.45 0.85
JVF cleansing 0.93 1.06 0.82 0.81
Linear cleansing 0.94 1.08 0.78 1.00

Gaussian cleansing 0.95 1.07 0.91 0.98

TABLE I. The ratio S/
p
B for a variety of algorithms and

levels of pileup, divided by S/
p
B from events with no pileup

using plain anti-kT jets. Larger values are better. We esti-
mate the statistical uncertainty on these numbers to be±0.05.

correlation coe�cients as a function of N
PU

are plotted
in Fig. 6. As one can see from the tables and plots, jet
cleansing yields the best performance in every test case.
Both area and shape subtraction can be improved by
working at the subjet level, and including a mild amount
of trimming, yet even with these improvements cleans-
ing still comes out ahead. Also, as mentioned above,
cleansing is especially e↵ective at improving measure-
ments of observables like jet mass which are more sen-
sitive to the spatial distribution of radiation within a jet.
We therefore expect cleansing also to work well on N -
subjettiness [41–43] which is especially sensitive to con-
tamination.
That Gaussian cleansing tends to work better than lin-

ear cleansing is not surprising, since it is a more sophis-
ticated algorithm. However, Gaussian cleansing needs
input about the �

1

distribution which is related to the
signal process. Although results are not that sensitive to
the precise values of widths and means of the Gaussians
used as inputs, there could be some process/energy de-
pendence if optimal performance is desired. In contrast,
linear cleansing only requires an estimate of �

0

which can
be extracted from minimum bias data.
Finally, it is worthwhile to note the role played by

trimming. As jet cleansing is designed to locally remove
pileup it achieves the best correlations when used with-
out trimming. If one wishes to recover the jet’s pre-pileup
state, cleansing alone is the best option. Trimming o↵ers
improvement when the objective is to maximize S/

p
B.

This makes sense because trimming is known to be use-
ful, even when applied on jets with no pileup, as it tends
to remove underlying event and other soft contamination
primarily leaving the final state radiation. For subtrac-
tion and CHS, in contrast, at high levels of pileup trim-
ming is important both for correlations and S/

p
B.

IV. CONCLUSIONS AND OUTLOOK

Jet mass has been calculated to high accuracy using
pertubative QCD [44–46], and measured in 7 TeV LHC
data [47, 48]. A direct comparison between these calcu-
lations and the data has been limited by the contamina-
tion of pileup. Since the improvement in pileup removal
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1.  Pileup subtraction is naturally done at subjet level 
•  Same corrections apply to kinematic variables and shape variables 

 

2. How can we combine charged/neutural, leading/pileup to get subjet momenta? 

2

mass, N -subjettiness) which are sensitive to the distribu-
tion of radiation within a jet. Furthermore, shape sub-
traction is performed as a Taylor expansion in the pileup
density which can become inaccurate for large values of
the expansion parameter, ⇢. In this paper, we present a
method we call jet cleansing which works at high pileup,
is observable independent and is remarkably e↵ective for
both kinematic and shape variables.

A new element introduced with jet cleansing beyond
current experimental techniques like CHS and JVF takes
inspiration from early successful jet substructure tech-
niques [31, 34, 35]. These methods demonstrated the
power of reclustering a large R jet into jets of smaller
R and have been validated in data. We find similarly
that pileup removal can be much more e↵ective if done
on subjets with R

sub

= 0.2 or R
sub

= 0.3 rather than
on full jets. Cleansing attempts to tailor the degree of
energy rescaling within a jet based on locally measured
levels of charged and neutral particles.

To produce the inputs to our algorithm, without access
to full detector simulation, we make the following ap-
proximations and assumptions. We discard all charged
particles with pT < 500 MeV. We then aggregate the
remaining particles into �⌘ ⇥�� = 0.1⇥ 0.1 “calorime-
ter cells”, discarding any cells with E < 1 GeV. These
calorimeter cells are then clustered into subjets of size
R

sub

. We assume the charged particles can all be tagged
as either coming from the leading vertex or not, and we
associate them to the nearest calorimeter cell. The in-
put to cleansing is therefore three numbers per subjet:
the total transverse momentum, ptotT , the pT in charged

particles from the leading vertex, pC,LV

T , and the pT from

charged particles from pileup, pC,PU

T . using these three
inputs. Jet cleansing aims to best extract the total mo-
mentum from the leading vertex only, pLVµ , using these
three inputs to rescale the four-vector constituents of the
measured subjet ptotµ .

We propose three methods of varying sophistication
with which pLVµ can be guessed. Before explaining

them, it is helpful to define �
0

⌘ pC,PU

T /pPU

T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
0

or �
1

for any par-
ticular subjet, they are constrained by

ptotT =
pC,PU

T

�
0

+
pC,LV

T

�
1

. (1)

The first method, which we call JVF cleansing sim-
ply assumes �

0

= �
1

. This is the assumption that the
charged-to-neutral ratio is the same for pileup and hard
jets. The result is that

pLVµ = ptotµ ⇥ pC,LV

T

pC,LV

T + pC,PU

T

. (2)
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FIG. 2. Correlations for a kinematic variable (dijet mass,
left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.
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density which can become inaccurate for large values of
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left) and a substructure variable (jet mass, right) are shown
between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.
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between events before pileup is added and after 140 pileup
interactions are added and then corrected for via subtraction
and cleansing. The top row shows the uncorrected correla-
tions, the middle rows demonstrates the performance of [29]
and [30], and the bottom row shows the performance of the
linear jet cleansing method described here.
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pLVµ

a)  JVF cleansing: at low PU, charge/neutral same in LV and LV+PU 
b)  Linear cleansing: at infinite pileup, charge/neutral in PU is exactly known 
c)  Gaussian cleansing: charge/neutral in LV and PU follow Gaussians 



Final thoughts 
May 17, 2014 Matthew Schwartz 

For anti-kT R=0.4, NPU=40,  pileup removal is basically solved 
•  Area subtraction + CHS + JVF offset works nearly perfectly 
•  Everything works 
•  Do not need subjets 

•  Jet mass at R=1.0 is a good test 
•  NPU = 140 

Serious challenge:  
    Can jet substructure techniques be used at very high luminosity?  

Cleansing works well 

Still room for improvement 
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Offset and dispersion 
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(Rsub =1000) 

Our results (KLSW) 
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We confirm the ordering they get when they use cleansing wrong. When used correctly we still
beat their new versions of subtraction.

O↵set and Dispersions

They show that cleansing has poor properties in mass resolution. The untrimmed (solid lines)
cleansing values are without subjets. Their trimmed values use subjets, but as we noted in the
paper, trimming is only really helpful for S/

p
B, correlations, dispersion, and o↵set is better without

trimming. Also fcut = 0.05 is probably too aggresive when used with cleansing. Below left is their
version for o↵set, on the right is the correct version.
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Simulation details 
May 17, 2014 Matthew Schwartz 

Simulation Details

I Resonance decaying to light quarks generated with MadGraph5 v1.5.8

I Pythia v8.176 tune 4C, used for pileup and showering.

I Amount of pileup drawn from Poisson.

I FSR, ISR, UE included.

I Charged particles with pT < 0.5 GeV discarded.

I Remaining particles grouped in �⌘ ⇥�� = 0.1⇥ 0.1 calo cells.

I Only cells with E > 1 GeV are kept.

I Jets with pT > 150 GeV and |⌘| < 2.5 after pileup are kept.
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