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Aims
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•  Generic jet use: correcting jet transverse momenta and 
suppression of pileup jets 

 

•  Advanced jet use: correcting shapes and masses and 
groomers/taggers 

 

•  questions such as whether to correct whole jet observables 
(pT, mass), the particle within a jet, or even attempt event-
wide PU correction 

 

•  interplay of these questions with different experimental jet 
reconstruction methods (detector effects, topoclustering and 
particle flow, etc.) 

 

•  pileup in contexts beyond jets, such as lepton & photon 
isolation and missing transverse energy 

 

•  How best to perform comparisons between different 
experiments and with theorists’ studies 

Bring together ATLAS, CMS & theorists to discuss
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Format
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•  Discussion talks, organized in three main themes: 
o New pileup removal techniques 
o  Pileup suppression and experimental issues 
o  Pileup mitigation techniques for missing ET and heavy 

ions 

•  Hands-on sessions: 
o  Try out and share pileup mitigation code and results 

using standalone analysis code and event samples 
 

•  Working group reports 
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Many thanks to MaGeo'Caccari,'Pascal Nef, Gregory Soyez, and Nhan Tran 
for preparing the code infrastructure and examples  

hands-on, 3-day weekend workshop for experts
16-18 May 2014, http://indico.cern.ch/event/306155/

for their (significant) contribution to preparing the code infrastructure and examples

http://indico.cern.ch/event/306155/
http://indico.cern.ch/event/306155/
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Many thanks to MaGeo'Caccari,'Pascal Nef, Gregory Soyez, and Nhan Tran 
for preparing the code infrastructure and examples  

About 50% of time

hands-on, 3-day weekend workshop for experts
16-18 May 2014, http://indico.cern.ch/event/306155/

for their (significant) contribution to preparing the code infrastructure and examples

http://indico.cern.ch/event/306155/
http://indico.cern.ch/event/306155/
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Target
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Mainly geared towards LHC 
from Run II → high-lumi LHC

But methods developed here may 
also be useful for 100 TeV pp collider

To get full benefit of higher energy, i.e. be sensitive 
to particle masses 100TeV/14TeV ≃ 7 times higher 

than HL-LHC, FCC-hh would need to collect 150 ab-1

Hardware & “beamware” aspects are important, 
but were beyond scope of workshop

(detector timing, forward tracking
beam-spot shaping, etc.) 
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State of the art
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Existing methods

ATLAS

Topoclusters

CMS

Particle flow
with charged-hadron 

subtraction (CHS)

+
area–median subtraction

pt → pt - ρ Ajet

ρ from median energy flow 
across patches in event
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Example from CMS: offset
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Figure 10. Response versus GenJet pT for PF jets (left) before correcting for pileup, (middle)
after correcting for pileup, and (right) after the required MC correction chain. The same plots
can be made for the Calo jets with similar results.

response varies significantly for di↵ering values of NPV . However, the right plot show the same
thing after the pileup corrections have been applied. One can see not only a better response at
low pT , but that there is no NPV (pileup) dependence. Because all of the pileup energy has been
removed from the jets, they also have a significantly lower response at low pT . Any non-closure
still present is due to various other e↵ects, such as the detector’s ⌘ and pT dependencies, which
are corrected for using additional steps in the factorized jet correction chain [3; 4].

4. Conclusion

All of the various pileup removal techniques discussed in this paper have one goal, remove the
dependence on pileup energy from the jet response. The first level of mitigation against pileup
comes during the detector level readout and reconstruction e↵orts (ex: time-slices in the HBHE
system). These have been shown to provide significant improvements in reducing OOT pileup.

The second level of pileup mitigation was at the software level and came in several of varieties.
The AO method is the recommended correction for Calo jets as there is empirical evidence for
slightly higher resolution in Calo jets when using this method. The Fastjet-based, HJA method is
used for most analyses in CMS and is the recommended correction for PF jets. The key abilities
of this method were its adaptability and per event/jet granularity. CHS is an additional tool
which is very promising when used in conjunction with the other pileup mitigation techniques.

Once applied, there is good closure over most of the jet pT spectrum (in MC). Any remaining
non-closure in the jet response is well understood and is removed at later stages of the factorized
JEC chain [6].
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Before PU correction After PU correction

Strong dependence of
jet response on NPV

Almost no dependence of
jet response on NPV
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10–15% gain in 
resolution is 
considered 

valuable

8

Example from ATLAS: resolution
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Figure 8: RMS width of the preco
T � ptrue

T distribution versus hµi (a) and versus pseudorapidity ⌘ (b), for
anti-kt R = 0.6 jets at the LCW scale matched to truth particle jets satisfying 20 < ptrue

T < 30 GeV, in
simulated dijet events. The new pile-up subtraction method based on jet areas is seen to improve the
resolution of the reconstructed jet pT over the previous subtraction method.

This uncorrected dependence is taken as a source of systematic bias: the logarithmic fits are used to
obtain a pT-dependent systematic uncertainty, defined by the coe�cients ↵NPV and ↵hµi from

@pT

@NPV
(pT) =

@pT

@NPV
(25 GeV) + ↵NPV ⇥ log

✓ pT

25 GeV

◆
(5)

and
@pT

@hµi (pT) =
@pT

@hµi (25 GeV) + ↵hµi ⇥ log
✓ pT

25 GeV

◆
. (6)

6.5 Resolution improvement

Figure 8 shows the RMS width of the preco
T –ptrue

T distribution in simulated dijet events, as a function
of the amount of pile-up as characterized by hµi and versus jet ⌘. The impact of pile-up on the jet pT
resolution is evident from the linear rise observed in the uncorrected points in (a). When compared to
the previous pile-up subtraction method, the new pile-up correction based on jet areas further alleviates
the degradation in jet pT resolution due to pile-up. However, some dependence of the RMS width on
hµi remains, which may be attributed to local fluctuations in the pile-up activity. Figure 9 shows even
more clearly the advantage of the new correction over the old, as the old correction resulted in almost no
improvement within any given bin of NPV.

6.6 In-situ validation

Two methods of in-situ validation of the pile-up correction are employed to study the dependence of jet
pT on NPV and hµi. The first method uses track-jets to provide a pile-up independent measure of jet
pT. This requires the presence of track-jets and so can only be used in the most central region of the
detector for |⌘| < 2.1. It is not statistically limited. The second method exploits the pT balance between a

15

Offset method 
(Tevatron style)

Jet area method
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New methods for correcting
jet kinematics and shapes

9

Warning: if a plot is not labeled ATLAS/
CMS, it’s often a particle-level study. 
Detector-level conclusions may differ.
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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 �
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.

= total charged energy in subjet coming from leading vertex 

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.

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

0

and �
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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
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. 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 �
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is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �
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⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �
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decreases with increas-
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. Experimentally, �
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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 �
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⌘ pC,PU
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T and �
1
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T /pLVT . While we do not know �
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for any par-
ticular subjet, they are constrained by
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. (1)

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

pLVµ = ptotµ ⇥ pC,LV
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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.
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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
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R and have been validated in data. We find similarly
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particles with pT < 500 MeV. We then aggregate the
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ter cells”, discarding any cells with E < 1 GeV. These
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jets. The result is that
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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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is
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are N
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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
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= 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
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
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T and �
1

⌘
pC,LV

T /pLVT . While we do not know �
0

or �
1

for any par-
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+
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The first method, which we call JVF cleansing sim-
ply assumes �
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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

pLVµ = ptotµ ⇥ pC,LV
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JVF cleansing is similar to methods ATLAS has used (on
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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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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
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= 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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. 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 .
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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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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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•  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) 
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3. Linear cleansing 
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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, �
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 (�
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.
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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 �
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⌘ 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 �
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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 �
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. Based on
Fig. 3, we choose �
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= 0.55. In fact, the distribution
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is sensitive to how soft particles are handled. Ig-
noring detector e↵ects it should be close to the isospin
limit �
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⇠ 2/3. Since the cuts tend to throw out more
charged than neutral particles, �
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decreases with increas-
ing N
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. Experimentally, �
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can be determined from
minimum bias events in data.
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Figure 5: The analogue of Fig. 4 for jet masses. The event sample again consists of hadronic
decays of a narrow Z ′ of mass 500GeV.

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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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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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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On the left is their dispersion, on the right is our dispersion.
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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.

•  Cleansing  
          Rsub=0.3 
 
•  KLSW truth 
     definition 

•  Fastjet area  
     subtraction 

•  Cleansing  
          Rsub=1000 
 
•  CSS truth 
     definition 

•  Safe area  
     subtraction 

•  Cleansing  
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•  Safe area  
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•  Cleansing  
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•  CSS truth 
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Our results  
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Look at Green and Red curves 

NEW: cleansing, 
          better than
OLD: area subtraction

higher correlation-coefs
are better
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Correlation coefficient (normalized) dispersion

NpC is no better than area-median at estimating the 
neutral component of pileup ptntr in a patch  

In fact, area-median is slightly better at all values of R, 
and especially at small R ( < 0.5)

Area-median

NpC

Neutral Proportional to Charge (NPC)
Matteo Cacciari

NPC

area

B
et

te
r B

etterKey component of 
cleansing is
local neutral PU ∝ 
local visible charged PU. 

How does charge-neutral 
local correlation compare 
to local-global correlation 
used in area-median 
subtraction?
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Neutral Proportional to Charge (NPC)
Performance on jet pt

Matteo Cacciari - LPTHE Pileup Mitigation Workshop - CERN - May 2014

Combined performances
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Dispersion is slightly reduced compared to the individual area and NpC

NpC
Area
Both, linearly 
combined

Matteo Cacciari - LPTHE Pileup Mitigation Workshop - CERN - May 2014

Why is NpC no better?

9

Marginally longer answer: because decays of pileup 
particles tend to take place at large angle

hard jet
pt � �QCD

hadronisation

pileup
pt � 0.5 - 2 GeV

ρ+

π+ π0

one step of 
hadronisation

Opening angle ~ 2mρ/pt,ρ ~ 1

Charged and neutral energy tend 
to go in the same direction

Emissions at large angles break 
local correlation

So why does cleansing paper
appear to see such good
performance...?

B
etter
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Constituent Subtraction
Example jet clustered with anti-kt with R=0.7
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P. Berta (Charles University in Prague) Constituent subtraction 16th May 2014 13 / 25

Peter Berta

A recipe, 
locally within 

a jet, 
to cancel 

“negative” 
ghosts against 

“positive” 
pileup
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Constituent Subtraction
Shape variables
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constituent subtraction has better performance than shape-expansion method

P. Berta (Charles University in Prague) Constituent subtraction 16th May 2014 21 / 25

NEW: constituent
subtraction 

OLD: shape
subtraction

no correction B
etter

Peter Berta
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Jet Reclustering

One Solution: Jet Reclustering

• ATLAS (and now CMS!) have one
existing, exquisitely understood jet
collection: r = 0.4

• Can use small-r jets as input to
large-R algorithm

• Already used by ATLAS in several
analyses, mostly for technical reasons
(lack of information in datasets)

• Immediate benefit: substructure
becomes accessible and flexible

• In this talk we perform a systematic
study and optimization of this
approach to gain a deeper
understanding

• What do we lose (or gain?) when
using small jets as inputs?
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M. Swiatlowski Jet Reclustering 17 May, 2014 3 / 18

Comparing Jet Radius
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• Also no large dependence on input jet r : smaller is preferred,
especially in W (lower p

T

)

M. Swiatlowski Jet Reclustering 17 May, 2014 9 / 18

Don’t try to directly handle 
large-R jets 

Instead construct them from 
R=0.4 jets (experimentally very 

well understood)

Max Swiatlowski
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Rejecting jets that are from pileup

17
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CMS PU jet rejection
05/17/14 Philip Harris Jet ID @ CMS 12

Pileup Jet Id Algorithm:Tracking
● 13 variables for the full discrimination

● 4 Vertexing related variables (2 most impt shown):

#vertices, dZ of leading track in jet + 

Pileup

Pileup

Pileup tends to degrade performance of these variables

Requires Real 
Vertex

Requires Other 
Vertex

Phil Harris (CMS)

Central: tracking 
dominates PU jet 
rejection

Forward: jet 
shapes
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CMS05/17/14 Philip Harris Jet ID @ CMS 19

Pileup Jet Id Performance
● Largest systematic : from quark/gluon variation

Herwig vs Pythia showering models 
bounded by quark/gluon variation

CHS results 
consistent 
w/specific 
working 
point

05/17/14 Philip Harris Jet ID @ CMS 19

Pileup Jet Id Performance
● Largest systematic : from quark/gluon variation

Herwig vs Pythia showering models 
bounded by quark/gluon variation

CHS results 
consistent 
w/specific 
working 
point

Central Forward

Signal efficiency

Bk
gd

 re
je

ct
io

n

Bett
er

Bett
er

Central: tracking 
dominates PU jet 
rejection

Forward: jet 
shapes
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from JVF to corrJVF
• Correcting JVF (in average) for its pileup dependence:
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generation as well as for the modeling of the parton shower and hadronization of Z(! µµ)+jets events.
Additionally, an alternative sample of Z(! µµ)+jets events is generated with PowHegV1.0 and showered
with Pythia8 [20]. W +jets production is based on Alpgen V2.14 [21], with the parton shower modelled
with PYTHIA 6.4 and the Perugia2011C tune. QCD dijet events are produced with the Pythia8 generator
(version 8.160) using the CT10 PDF set and the AU2 CT10 underlying-event tune [22]. The e↵ect of
pileup jet suppression is studied in an example physics case using a sample of qq0 ! Hqq0, H ! ZZ.
These events are produced using PowHeg interfaced with Pythia8, using the CT10 PDF set and the AU2
CT10 underlying-event tune. The use of tracking information to suppress pileup jets in large-R jets is
studied using a simulated sample of W0 !WZ! qqqq events with a W0 mass of 1 TeV, generated with
Pythia8 and the MSTW 2008 PDF set [23].

For all samples of simulated events, the e↵ect of in-time as well as out-of-time pileup is simulated
using minimum-bias events generated with Pythia8 to reflect the pileup conditions during the 2012 data-
taking period. All generated events were processed with a detailed simulation of the ATLAS detector
response [24] based on geant4 [25] and subsequently reconstructed and analyzed in the same way as the
data.

3 New variables

Two new variables to separate hard-scatter (HS) from pileup (PU) jets are introduced: corrJVF, which is
a pileup-corrected JVF variable, and RpT, which combines both calorimeter and tracking information.

3.1 corrJVF

The quantity corrJVF is a variable similar to JVF, but corrected for the NVtx dependent average scalar
sum pT from pileup tracks associated with a jet (hpPU

T i). It is defined as

corrJVF =
P

k ptrkk
T (PV0)

P
l ptrkl

T (PV0) +
P

n�1
P

l ptrkl
T (PVn)

(k·nPU
trk )

. (2)

where
P

k ptrkk
T (PV0) is the scalar pT sum of the tracks that are associated with the jet and originate from

the hard-scatter vertex. The term pPU
T =

P
n�1
P

l ptrkl
T (PVn) denotes the scalar pT sum of the associated

tracks that originate from any of the pileup interactions. To correct for the linear increase of hpPU
T i with

the total number of pileup tracks per event (nPU
trk ), we divide pPU

T in the corrJVF definition by (k · nPU
trk )

with k = 0.01. The total number of pileup tracks per event is computed from all tracks associated with
vertices other than the hard-scatter vertex. The scaling factor k is roughly taken as the slope of hpPU

T i
with nPU

trk , but the resulting discrimination between hard-scatter and pileup jets is insensitive to the choice
of k5.

Figure 2(a) shows the corrJVF distribution for pileup and hard-scatter jets in simulated dijet events.
A value corrJVF = �1 is assigned to jets with no associated tracks. About 1% of hard-scatter jets with
20 < pT < 30 GeV have no associated hard-scatter tracks and thus corrJVF = 0.

Figure 2(b) shows the hard-scatter jet e�ciency as a function of the number of reconstructed primary
vertices in the event when imposing a minimal corrJVF or JVF requirement such that the NVtx inclusive
e�ciency is 90%. For the full range of NVtx considered, the hard-scatter jet e�ciency after a selection
based on corrJVF is stable at 90% ± 1%, whereas for JVF the e�ciency degrades by about 20%, from
97% to 75%. The choice of the scaling factor k in the corrJVF distribution does not a↵ect the stability of
the hard-scatter jet e�ciency with NVtx.

5With this particular choice of k, the resulting corrJVF shapes for hard-scatter and pileup jets are similar to the correspond-
ing ones of JVF.

4

• mean pT from pileup tracks associated with jets increases 
linearly with the total number of pileup tracks in the 
event (ntrkPU)!
• ntrkPU is a proxy for the event pileup activity: 
• tried different variables: μ, NVtx, pT density ρ

ATLAS-CONF-2014-018 ATLAS-CONF-2014-018

20

ATLAS PU jet rejection

Pascal Nef (ATLAS)

Emphasis on 
finding 
variables 
naturally 
stable across 
different 
levels of pileup
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ATLAS PU jet rejectionEfficiency vs. fake-rate curves
• efficiency vs. fake-rate curves (ROC) for JVF and JVT!
• large improvement in pileup jet rejection at fixed efficiency 

9
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• performance is worse for light (uds)-quark initiated jets than for b-quark and gluon jets!
• light quark jets have higher response and radiate less 

ATLAS-CONF-2014-018 ATLAS-CONF-2014-018

flavour dependenceold v. new

Better

old

new
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corrJVF-based grooming
• corrJVF-based grooming!
• use subjet corrJVF in combination  

with trimming to groom large-R jets

17

to unit area. About 4% of subjets that have no associated tracks (corrJVF = �1) are omitted. Ungroomed
jets are selected that have a pT of at least 300 GeV, |⌘| < 1.5, and are matched in �R to the truth Z. The
corrJVF of the subjets is calculated from the associated hard-scatter and pileup tracks. Most subjets with
significant pT ratio also have large corrJVF, indicating that most of their charged pT comes from the
hard-scatter vertex. A large fraction of subjets with a low pT ratio < 5% (log10[psub

T /p
ungroomed
T ] < �1.3)

and a few subjets with a significant pT ratio, however, have small corrJVF values. Most such subjets
are consistent with pileup and should be excluded in a track-based jet grooming procedure. Similarly,
subjets with small pT ratio and large corrJVF that would be removed by calorimeter-based trimming,
should be kept by the track-based trimming algorithm.
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Figure 22: Distribution of the mass of the jet matched to the truth Z boson for di↵erent trimming con-
figurations based on corrJVF and fcut. The blue shaded histogram shows the ungroomed jet mass. (a) In
the histograms with magenta, blue and green markers, the groomed jet mass is computed from subjets
that satisfy a corrJVF > 0.6 requirement, i.e. excluding subjets from pileup interactions. In the blue and
green histograms, the subjets are further required to have psubj

T /p
ungroomed
T ( fcut) of at least 4% and 10%

respectively. (b) Distribution of jet mass for calorimeter- and track-based trimming configurations and
jet cleansing. The histogram represented by magenta markers shows the trimmed jet mass, where the
mass is computed from the subjets that have a psubj

T /p
ungroomed
T of at least 5% ( fcut = 0.05). For the green

and black histograms, jet cleansing is used.

In Figure 22(a), the performance of track-based grooming is evaluated by comparing the distribution
of jet mass for di↵erent subjet corrJVF cuts and combinations of corrJVF and fcut. The same selection
criteria7 as in Figure 21 are used for all track-based grooming configurations. For the 2012 pileup
conditions with an average of about 21 pp interactions per bunch crossing, an fcut of 4% in addition
to the requirement of corrJVF > 0.6 is found to optimize the mass resolution of the groomed jet. A
grooming configuration based solely on corrJVF (with no fcut applied) is found to be suboptimal.

Figure 22(b) compares the performance of the track-assisted grooming procedure with a recently
proposed jet grooming technique called “jet cleansing” [34]. Standard calorimeter-based trimming with
fcut = 0.05 is also shown for reference. In JVF cleansing, the 4-momentum of each subjet is scaled by
the subjet JVF, aiming to approximate the momentum of the subjet arising from neutral and charged

7The event selection e�ciency is about 80% for the considered signal.

21

• for 2012 pileup conditions, no improvement observed w.r.t. 
calorimeter-only based trimming!
• similar conclusion for jet cleansing [1309.4777] 

(updated due to bug) 

corrJVF < cut

• this is different  
not a ‘neutral-proportional-to-charge’ 
approach!

ATLAS-CONF-2014-018

Track-based grooming

Pascal Nef (ATLAS)

Breaks jet 
into subjets, 
discards 
those 
identified as 
dominantly 
from pileup
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Correcting the whole event for pileup

23
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new CMS Heavy-Ion Method 

Step 2: Subtraction by Voronoi Diagram

Before UE subtraction After UE subtraction

Subtraction algorithmmatches the particle position with the area where the
nearest neighbor of a given point is that particle-flow candidate

Note the 2nd Fourier component with ΨEP � 0 that is subtracted away

CMS DP-2013/018

(Yue Shi Lai) Mitigation of PU Effects at the LHC 14 / 28

Step 1: SVD Modeling of the Underlying Event
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Predict midrapidity UE frommeasured UE in the forward detectors (little jet
contamination)

Forward calorimeter have vastly different radiation depth and segmentation

Need to model the nonlinear difference

CMS DP-2013/018

(Yue Shi Lai) Mitigation of PU Effects at the LHC 8 / 28

Yue Shi Lai (CMS)

Use forward E-
flow to predict 
central “pileup”

Assign 
correction to 

particles with 
help of Voronoi  

tesselation
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new CMS Heavy-Ion Method MC Generator + GEANT Performance: Vs. |φ � ΨEP|
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(Yue Shi Lai) Mitigation of PU Effects at the LHC 24 / 28

MC Generator + GEANT Performance: Vs. |φ � ΨEP|
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MC Generator + GEANT Performance: Vs. |φ � ΨEP|
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Yue Shi Lai (CMS)

One critical
aspect for 

HI collisions
is absence of 
azimuthally
dependent

bias

MC Generator + GEANT Performance: Vs. |φ � ΨEP|
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Pile-up Suppression at High Intensity

Jet-area based pile-up correction
𝝆-based mitigation technique (like for 2012 data)

Reconstructed from TopoClusters in η ≤ 2
𝑠 = 14 TeV, 25 ns bunch spacing

“Correct”  adjustment  of  𝜎୬୭୧ୱୣ suppresses pile-up 

Adjust noise thresholds 
in topoclustering as a 
function of the level of 
pileup

Peter Loch (ATLAS)

PU reduction in topoclustering 
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PU reduction in topoclustering 

14
P. Loch

U of Arizona
May 17, 2014
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Jet Energy Scale & Resolution

Fraction jet energy resolution
Degraded at low 𝑝 due to increased (pile-up) noise term

Local pile-up fluctuations within the event – not captured by global event-
by-event 𝜌-based correction

Noise term increases as 𝜇
Linear behavior of topo-clustering, pile-up subtraction, and jet calibration up 
to very high luminosity

No use of tracks here
Can help reduce local fluctuations 

How much do higher noise thresholds improve resolution?
(Official ATLAS plots not yet available; but there is a hint on 
this plot that it beats √μ  scaling…)
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PileUp Per Particle Id (PUPPI)
May 16, 2014 15PUPPI overview

[1] define a local metric, α, that 
differs between pileup (PU) and 

leading vertex (LV)

for a particle i with nearby particles j

[2] using tracking information 
(e.g. charged particles) “sample” 

the event, define unique 
distributions of α for PU and LV

[3] for the neutrals, ask “how PU-like is 
α for this particle?”, compute a weight 

for how un-PU-like (or LV-like) it is

[4] reweight the four-vector of the particle 
by this weight, then proceed to cluster the 

event as usual

Let’s assume something similar to Particle 
Flow inputs (not a requirement): 

neutral hadrons

charged hadrons from LV

charged hadrons from PU

Bertolini, Harris, Low & Tran, in progress

May 16, 2014 17[1] define a metric
there are many possibilities, we have tested 
many and find these to be near-optimal

example: 2-body system, for a particle i, what does particle j tell us?

⬆ for harder, collinear particles!
⬇ for softer, wide angle particles

define 2 metrics, with and without using tracking information

R0 is the radius around 
particle i which is considered 

!
the log regularizes the scale 

for event sampling  
(next slides)

“C” = charged or central, “F” = full or forward

Assign a weight for 
each particle (based 
on its neighbourhood) 
for it to be from hard 
scatter v. pileup.

(α → weight) + cuts
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PileUp Per Particle Id (PUPPI)
May 16, 2014 30results vs. PU
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jet pT resolution as a 
function of nPU

jet mass resolution as 
a function of nPU

B
etter

NEW: results from PUPPI

OLD: charged-hadron sub
+ area subtraction

Nhan Tran
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Soft Killer
The SoftKiller approach to event-wide subtraction

Come back to our toy event...

Pileup

Hard

cut

empty empty empty empty empty

until the estimated ρ is 0 (i.e. half the event is empty)

Grégory Soyez (IPhT, CEA Saclay in collaboration with Matteo Cacciari and Gavin Salam)SoftKiller May 15, 2014 8 / 15

Cacciari, GPS, Soyez, in progress

Cut out all 
particles below 
some pt,min, chosen 
such that with 
remaining 
particles, half the 
event is empty, 

ρ = 0
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Basic performance

Observable: Jet mass
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acceptable biases, nice resolution improvements

Grégory Soyez (IPhT, CEA Saclay in collaboration with Matteo Cacciari and Gavin Salam)SoftKiller May 15, 2014 9 / 15
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Soft Killer

NEW: results from Soft Killer

OLD: area subtraction

Basic performance

Observable: Jet pt
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Missing Transverse Energy

Pileup has (almost) no intrinsic MET
MET degradation entirely due to 

pileup-detector interaction 

→ MET pileup mitigation is difficult

32
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Conclusion

First attempt for MET SoftTerm pile-up suppression
Purely track-based (STVF), jet-area based (EJA) and combinations (EJAF, 
JAF)

Calorimetric jet-area based EJA alone does not perform that well – purely 
stochastic subtraction cannot reinstate performance w/o pile-up
Additional use of JVF improves performance (EJAF/JAF)
STVF performs best for MET resolution but suppresses MET scale – and 
suffers from the same problems as JVF at high pile-up (Pascal Nef’s talk)
Calorimeter based methods do very well for SumET pile-up mitigation –
important for analyses using MET significance

Particular choice is final state dependent
No universal recommendation – mostly hangs on importance of soft term 
and topology of energy flow 
Jet-area based methods clearly an alternative for final states with track-
starved hard-scatter vertex and genuine MET

Further development
Use of GridMedianEstimator – moderates forward flow reconstruction 
problem

Replace extrapolation?
More dissection of MET soft term 

Conglomerate of jetty and diffuse transverse momentum flow – better flow 
analysis at least in final states with considerable SoftTermPeter Loch (ATLAS)

ATLAS MET

No single technique is optimal 
for MET — a tough problem
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Final States Without Genuine MET

No genuine MET, versus 𝝁

𝑍 → 𝜇𝜇

𝑍 → 𝜇𝜇

𝑍 → 𝜇𝜇

𝑍 → 𝜇𝜇

ATLAS MET
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Final States Without Genuine MET

No genuine MET, versus 𝝁

𝑍 → 𝜇𝜇

𝑍 → 𝜇𝜇

𝑍 → 𝜇𝜇

𝑍 → 𝜇𝜇

Resolution Biases

B
etter

Best

Best option for resolution (track-based 
rescaling) does worst for bias
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05/18/14 M. Marionneau 13

 

Drawbacks

Scaling down the contribution of particles in an event is just removing energy
If only pileup is removed everything is fine, but this is never the case

 → impact on the MET energy scale

Depending of what you want to do, it can be a problem or not :
W mass, top mass, h  → tt need an accurate MET energy scale
selection purposes (i.e separating Z  2l from WW  2l2→ → n) less sensitive

Special MVA training can be designed to get a unity response

Matthieu Marionneau (CMS)

CMS MET

05/18/14 M. Marionneau 10

 

The MVA PF MET algorithm

Defined with a MVA regression : trained on Z events  targeted MET is zero→

Use of 5 different “MET-like” variables constructed with :
all particles reconstructed in the event (PF MET)
HS charged particles
HS charged particles + neutral particles within HS jets
PU charged particles + neutral particles within PU jets
HS charged particles + neutral particles within HS jets + isolated neutral particles
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Matthieu Marionneau (CMS)

CMS MET

05/18/14 M. Marionneau 15

 

Situations of interest

Separation of events with no MET from signal :
dark matter vs Z  2l / photon+jet→

ttbar vs Z  2l  →

etc.

Precision measurements :
W mass measurement
H  → tt, MVA MET used by CMS, gain of ~30% 
on the resolution with no loss of response
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ATLAS – CMS comparisons

37
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DRAFT formulated jointly by the 
4 ATLAS & CMS Jet/MET 
conveners

Jet matching:
• AK4
• pTgen>10 GeV
• deltaR < R/2, R (not anti-kT: A_overlap < 75%, 
50%)

• matching criterion and parameters
•propose to use R=0.4 with matching 
deltaR<Rcone/2=0.2 (loosest unambiguous 
match)

• require pTgen>10 GeV, pTreco>20 GeV

Resolution
•2 sigma fit, sigma/mu , mu (mu calibrated to 
1.00)

Pile-up jet
•pile-up: Not matched within deltaR<R
•signal: Matched within deltaR<R/2
•gray: Matched within R/2<deltaR<R (important 
to know this fraction)

38

Proposal for ATLAS-CMS comparison
PU comparison
•use mu (MC truth Poisson mean) and 
PV,corr (=N_PU)

•show <PV,corr> vs mu is linear at x=y 
(correct for any non-linearity for PV,corr)

Plots to show
•vs eta with natural segmentation
•dpT/dmu, dpT/dPV,corr, sigma_PU from 
JER, 

•JER: sigma_pT/pT = sqrt( sigma_PU^2/pT^2 
+ N0^2/pT^2 + S^2/pT + C^2)

Samples to use
•QCD Dijet Pythia, some tune

MET
•Zmumu events
•mean(u_parallel/pT)
•width(u_parallel/pT)
•width(u_perpendicular/pT)
•width from Voigtian (or any fit with 1 sigma)
•plot vs PU (mu), fit with sigma = 
sqrt(Npu*sigma_PU^2 + C^2)
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DRAFT formulated jointly by the 
4 ATLAS & CMS Jet/MET 
conveners

Jet matching:
• AK4
• pTgen>10 GeV
• deltaR < R/2, R (not anti-kT: A_overlap < 75%, 
50%)

• matching criterion and parameters
•propose to use R=0.4 with matching 
deltaR<Rcone/2=0.2 (loosest unambiguous 
match)

• require pTgen>10 GeV, pTreco>20 GeV

Resolution
•2 sigma fit, sigma/mu , mu (mu calibrated to 
1.00)

Pile-up jet
•pile-up: Not matched within deltaR<R
•signal: Matched within deltaR<R/2
•gray: Matched within R/2<deltaR<R (important 
to know this fraction)

38

Proposal for ATLAS-CMS comparison
PU comparison
•use mu (MC truth Poisson mean) and 
PV,corr (=N_PU)

•show <PV,corr> vs mu is linear at x=y 
(correct for any non-linearity for PV,corr)

Plots to show
•vs eta with natural segmentation
•dpT/dmu, dpT/dPV,corr, sigma_PU from 
JER, 

•JER: sigma_pT/pT = sqrt( sigma_PU^2/pT^2 
+ N0^2/pT^2 + S^2/pT + C^2)

Samples to use
•QCD Dijet Pythia, some tune

MET
•Zmumu events
•mean(u_parallel/pT)
•width(u_parallel/pT)
•width(u_perpendicular/pT)
•width from Voigtian (or any fit with 1 sigma)
•plot vs PU (mu), fit with sigma = 
sqrt(Npu*sigma_PU^2 + C^2)

A starting point — 
non-trivial to have 
reached this point

Some aspects may be 
improved (e.g. 

matching). Current 
version has advantage 

of simplicity.
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Common Software Exercise
https://github.com/PileupWorkshop/2014PileupWorkshop

Direct comparisons are impossible because groups are 
using different samples, cuts, matching, quality criteria, etc.

Proposal 
set up a framework with common event samples 

and analysis code to solve this problem

participants were generous in exchanging preliminary 
“proprietary” code, and put a lot of effort in getting results in 

3 x ½ half days 
39

https://github.com/PileupWorkshop/2014PileupWorkshop
https://github.com/PileupWorkshop/2014PileupWorkshop
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Common Software Exercise
https://github.com/PileupWorkshop/2014PileupWorkshop

Direct comparisons are impossible because groups are 
using different samples, cuts, matching, quality criteria, etc.

Proposal 
set up a framework with common event samples 

and analysis code to solve this problem

participants were generous in exchanging preliminary 
“proprietary” code, and put a lot of effort in getting results in 

3 x ½ half days 
39

BEWARE 

Particle-level studies

Conclusions may not carry over to 

detector level

https://github.com/PileupWorkshop/2014PileupWorkshop
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Work program for comparing various 
subtraction methods in identical setups
Ideally, each method should be studied by at least two people/groups

Code and results should be uploaded to a subdirectory of the directory "Comparisons/" 
on github

Signal samples
• dijets (pt > 20, pt > 100, pt > 500), with UE off and massless particles
• both full and CHS

The samples are in the usual location (/afs/cern.ch/user/p/puws2014/public/events or 
http://cern.ch/puws2014/events/).

lhc14-pythia8-4C-dijetsel20-noUE-nevsel1e5.pu14.gz
lhc14-pythia8-4C-dijetsel100-noUE-nevsel1e5.pu14.gz
lhc14-pythia8-4C-dijetsel500-noUE-nevsel1e5.pu14.gz
Each event in those files has at least one jet with |y|<2.5 and above the pt [GeV] 
indicated after the "dijetsel" tag. They are intended to be used respectively for the 
analyses with 20, 50 and 100 GeV pt cuts.

The files have been produced with a generation cut at 80% of jet pt selection cut. For 
validation purposes, there are files (on afs) labelled .res that indicate the average number 
of jets with pt>20 GeV, |y|<2.5 in each sample.

Observables
• pt
• mass
• angularity/width/girth with alpha = 1

Pileup levels: 30, 60, 100, 140

Particles and jet selection
particles: |y| < 4 jet definition: antikt R=0.4

40

Workshop comparisons

Full draft: https://github.com/PileupWorkshop/2014PileupWorkshop/blob/master/WORK.md

jets: take the two hardest jets, then apply a selection of |y| 20 (or 100, or 500), and study 
the impact of pileup on any jets that pass that selection. Pileup jets are matched to the 
hard jets with a deltaR = 0.3 criterion.

A separate study counts the jets above 20 GeV with |y| < 2.5. That count is only in 
events that have at one jet from the selection described in the preceding paragraph.

Note that in example03.cc prior to revision 107 (git rev-list --count HEAD) or hash 
d1b6590c2f2758d765c3... the number of jets was counted for all events.

How to compare (quality measures)
• offset v. dispersion (use trimmed jet as ref when using trimming). There' a 

template offset-v-dispersion.gp gnuplot macro in the example/ directory for 
quick plotting

• number of jets above 20 GeV as a function of npu

File format for results
Use the following file format for each subtractor/observable/sample (write out the "+-" 
to output):

 # comments  
 # npu    jet_ptmin  <DeltaO>     sigma_DeltaO    
corr.coeff.     #_of_jets>20_GeV   matching_efficiency    
<O_hard>           obs & method names 
   xxx    xxx        xxx +- yyy   xxx +- yyy      xxx             
xxx +- yyy         xxx +- yyy             xxx +- yyy       
#  e.g. pt_areasub

Template code
Look at example/example03.cc to see code that has the selection, matching and output 
as illustrated above. Run it for example with

./example03 -hard ../sample-events/lhc14-pythia8-4C-
dijet50-nev20.pu14.gz \
            -pileup ../sample-events/lhc14-pythia8-4C-
minbias-nev100.pu14.gz \
            -massless -npu 5 -nev 20 -jet-ptmin 20 > 
output.dat
Adapt the -jet-ptmin option depending on what you plan to study. There's also a -chs 
option for running with CHS type events.

http://cern.ch/puws2014/events/
http://cern.ch/puws2014/events/
https://github.com/PileupWorkshop/2014PileupWorkshop/blob/master/WORK.md
https://github.com/PileupWorkshop/2014PileupWorkshop/blob/master/WORK.md
https://github.com/PileupWorkshop/2014PileupWorkshop/blob/master/WORK.md
https://github.com/PileupWorkshop/2014PileupWorkshop/blob/master/example/example03.cc
https://github.com/PileupWorkshop/2014PileupWorkshop/blob/master/example/example03.cc
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Results

21τ
0 0.2 0.4 0.6 0.8 1

Je
ts

0

0.05

0.1

0.15

0.2

0.25

0.3 hard
full
soft_killed

NPV = 100

Swiatlowski

7

JetCleansing for anti-kt r=0.4 jets

Pt [GeV]
0 50 100 150

N
or

m
al

iz
ed

 E
nt

rie
s

0

0.05

0.1
area corr
linear cl
jvf cl
trimmed, CHS

dijets
 r=0.4tanti-k

 = 0
cut

 r=0.2 subjets, ftk
NPV = 100

• same as slide 4, but with CHS for trimming

Pt Offset [GeV]
-20 0 20

No
rm

al
ize

d 
En

tri
es

0

0.05

0.1
area corr
linear cl
jvf cl
trimmed, CHS

dijets
 r=0.4tanti-k

 = 0cut r=0.2 subjets, ftk
NPV = 100

Nef



Welcome'to'
Mitigation'of''

pileup'effects'at'the'LHC!
Filip'Moortgat,'Gavin'Salam,'Ariel'Schwar?man@

!
16$18&May&2014,&CERN!

!

Gavin Salam (CERN) Pileup Workshop Summary CERN FHC Workshop, May 2014 42

Quality plots

Matteo Cacciari - LPTHE Pileup Mitigation Workshop - CERN - May 2014

Representation of quality measures
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Quality plots

Matteo Cacciari - LPTHE Pileup Mitigation Workshop - CERN - May 2014

Representation of quality measures
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Results

Cacciari, GPS, Soyez
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Results
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Conclusions
Prospect of near and far-future high lumi running has 
spurred development of new PU mitigation methods 
Many new ideas, which genuinely bring improved 

performance, with greatest potential at the highest lumis 
(but some potential maybe even post LS1)

Non-trivial steps towards direct comparisons between 
ATLAS & CMS and among particle-level methods

Next steps
Some methods still preliminary, some still need study with 
detector sim; more news, more comparisons in coming 

months, possibly also follow-up workshop 
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