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Outline

✤ Observables sensitive to new-physics

✤ Pileup: a major challenge to their use at high luminosity

✤ Tools:

✤ Subtraction

✤ Grooming

✤ New: Jet Cleansing



Takeaway

✤ No signs of BSM physics thus far

✤ Will have to go to higher luminosity/energy

✤ However, many jetty observables see significant performance 
degradation from pileup contamination

✤ Subtraction and grooming have proven very helpful, but may not be 
enough

✤ New techniques like jet cleansing can help!



Tools for jetty collider searches (I)

✤ Taggers: Top tagging, Higgs tagging, W-tagging, ISR Tagging

✤ Jet radiation patterns: template tagging, energy correlation fcns, N-
subjettiness, planar flow

Reviews: 0906.1833, 1112.4441, 1201.0008, 1302.0260
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FIG. 2: Accumulated pT after showering a particular par-
tonic phase space point 3 million times. Left has the b and
b̄ color-connected to each other (signal) and right has the b
and b̄ color-connected to the beams (background). Contours
represent factors of 2 increase in radiation.

In order to extract the color connections, they must
persist into the distribution of the observable hadrons.
The basic intuition for how the color flow might show
up follows from approximations used in parton show-
ers [7, 8]. In these simulations, the color dipoles are al-
lowed to radiate through Markovian evolution from the
large energy scales associated with the hard interaction
to the lower energy scale associated with confinement.
These emissions transpire in the rest frame of the dipole.
When boosting back to the lab frame, the radiation ap-
pears dominantly within an angular region spanned by
the dipole, as indicated by the arrows in Figure 1. Alter-
natively, an angular ordering can be enforced on the radi-
ation (as in herwig [9]). The parton shower treatment of
radiation attempts to include a number of features which
are physical but hard to calculate analytically, such as
overall momentum and probability conservation or co-
herence phenomena associated with soft radiation.

It is more important that these effects exist in data
than that they are included in the simulation. In fact,
color coherence effects have already been seen by vari-
ous experiments. In e+e− collisions, for example, evi-
dence for color connections between final-state quark and
gluon jets was observed in three jet events by JADE
at DESY [10]. Later, at LEP, the L3 and DELPHI
experiments found evidence for color coherence among
the hadronic decay products of color-singlet objects in
W+W− events [11, 12]. Also, in pp̄ collisions at the Teva-
tron, color connections of a jet to beam remnants have
been observed by D0 in W+jet events [13]. All of these
studies used analysis techniques which were very depen-
dent on the particular event topology. What we will now
show is that it is possible to come up with a very general
discriminant which can help determine the color flow of
practically any event. Such a tool has the potential for
wide applicability in new physics searches at the LHC.

For an example, we will use Higgs production in asso-
ciation with a Z. The Z allows the Higgs to have some
pT so that its bb̄ decay products are not back-to-back
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FIG. 3: Event-by-event density plot of the pull vector of the b
jet in polar coordinates. The signal (connected to b̄ jet) is on
the left, the background (connected to the left-going, y = −∞

beam) is on the right. 105 events are shown.

in azimuthal angle, φ. Our benchmark calculator will
be madgraph [14] for the matrix elements interfaced to
pythia 8 [15] for the parton shower, hadronization and
underlying event, with other simulations used for valida-
tion.
To begin, we isolate the effect of the color connec-

tions by fixing the parton momentum. We compare
events with Zbb̄ in the final state (with Z → leptons) in
which the quarks are color-connected to each other (sig-
nal) versus color-connected to the beam (background).
In Figure 2, we show the distribution of radiation for
a typical case, where (y,φ) = (−0.5,−1) for one b and
(y,φ) = (0.5, 1) for the other, with pT = 200 GeV for
each b, where y is the rapidity. For this figure, we have
showered and hadronized the same parton-level configu-
ration over and over again, accumulating the pT of the
final-state hadrons in 0.1 × 0.1 bins in y-φ space. The
color connections are unmistakable.
The superstructure feature of the jets in Figure 2 that

we want to isolate is that the radiation in each signal jet
tends to shower in the direction of the other jet, while in
the background it showers mostly toward the beam. In
other words, the radiation on each end of a color dipole
is being pulled towards the other end of the dipole. This
should therefore show up in a dipole-type moment con-
structed from the radiation in or around the individual
jets. For dijet events, like those shown in Figure 2, one
could imagine constructing a global event shape from
which the moment could be extracted. However, a lo-
cal observable, constructed only out of particles within
the jet, has a number of immediate advantages. For one,
it will be a more general-purpose tool, applying to events
with any number of jets. It should also be easier to cali-
brate on data, since jets are generally better understood
experimentally than global event topologies. Therefore,
as a first attempt at a useful superstructure variable, we
construct an observable out of only the particles within
the jets themselves.
In constructing a jet moment, there are a number of

ways to weight the momentum, such as by energy or pT ,
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Tools for jetty collider searches (II)

✤ Detailed jet properties: color connections, quarks vs. gluons, jet 
charge, particle 

✤ Powerful general-purpose techniques: Q-jets, Telescoping jets, high-
multiplicity searches via fat jets
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Pileup

✤ What is pileup?

✤ Multiple collisions in the same 
bunch-bunch crossing.

✤ Why is it a problem?

✤ For NPU~100, pileup can 
completely wash things out many 
signals

✤ We expect to encounter this level 
when the LHC turns back on

⇢ ⇠
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Subtraction

✤ Assume uniform contamination 
per unit area of the detector

✤ Measure this event by event

✤ Subtract off Area * pileup-
density

✤ Can also work on jet shapes

✤ Taylor series expansion of 
shape sensitivity to pileup

Figures: 0707.1378, 1211.2811

 0

 0.005

 0.01

 0.015

 1900  2000  2100

1/
N

 d
N

/d
m

 [G
eV

-1
]

m [GeV]

kt, R=0.7
LHC, high lumi
Z! at 2 TeV

no pileup
no pileup, sub

pileup
pileup, sub

Figure 4: Invariant mass distribution of the two hardest jets in hadronically decaying Z ′ events at the
LHC, as simulated with Pythia 6.325. It illustrates the effect of the subtraction in samples with and without
high-luminosity pileup (ρ extracted using the kt algorithm with R = 0.5). Further details in text.

kt Cam/Aachen SISCone
m ∆m m ∆m m ∆m

no pileup 2003 10 2002 10 1998 10
no pileup, sub 1995 13 1995 8 1993 10
pileup 2065 60 2049 48 2030 33
pileup, sub 1998 25 1998 25 1997 20

Table 1: Reconstructed masses and widths (in GeV) for the Z ′ peak (cf. fig. 4) with and without
pileup, and with and without subtraction; ∆m is the half-width at half peak-height, while m is the
average mass determined in the part of the distribution within half peak-height. The accuracy of
the results is ∼ 3GeV, limited mainly by binning artefacts.

one of the key strengths of this approach and would not be obtained in an average-based subtraction
procedure.

Our next high-luminosity LHC study is more physical and considers the reconstruction of a
hypothetical leptophobic Z ′ boson with a mass of 2TeV and of negligible width (though not nec-
essarily a likely scenario, it is adequate for examining the kinematical aspects of interest here). In
fig. 4 we show the mass distribution as obtained directly at hadron level and also after the sub-
traction procedure, eq. (2). In the case of events without pileup, the subtraction removes just the
moderate underlying event contribution, with limited effect on the sharpness of the peak. With
pileup, the mass distribution is shifted and broadened significantly. The subtraction brings the
peak mass back into accord with the value measured without pileup, and restores a significant part
of the resolution that had been lost. This is quantified in table 1, which includes results also for the
Cambridge/Aachen and SISCone (f = 0.5) algorithms, all for R = 0.7, and shows the effectiveness
of the subtraction there too.

The last of our high-luminosity LHC pp pileup studies concerns top quark reconstruction. We
simulate a sample of tt̄ events that decay to "+ν!b + qq̄′b̄, and assume that both the b and b̄ jets
have been tagged. We then look for the two hardest of the non-tagged jets and assume they come
from the W → qq̄′ decay. For simplicity we eliminate the combinatorial background in the top
reconstruction by pairing the hadronic W with the b or b̄ according to the lepton charge.3 The

3While this may not be realistic experimentally, it should be largely irrelevant to the question of how pileup and
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FIG. 1: Impact of pileup and subtraction on various jet-shape distributions and their averages, in dijet, WW and tt̄ production
processes. The distributions are shown for Poisson distributed pileup (with an average of 30 pileup events) and the averages
are shown as a function of the number of pileup events, nPU. The shapes are calculated for jets with pt > 500 GeV (the cut is
applied before adding pileup, as are the cuts on the jet mass mJ and subjettiness ratio τ21 where relevant).

For the angularities and EECmoments we have verified
that the first two numerically-obtained derivatives agree
with analytical calculations in the case of a jet consisting
of a single hard particle. For variables like τN that involve
a partition of a jet, one subtlety is that the partitioning
can change as the ghost momenta are varied to evaluate
the numerical derivative. The resulting discontinuities
(or non-smoothness) in the observable’s value would then
result in nonsensical estimates of the derivatives. We
find no such issue in our numerical method to evaluate
the derivatives, but were it to arise, one could choose to
force a fixed partitioning.

To test the method in simulated events with pileup,
we use Pythia 8.165, tune 4C [41, 42]. We consider
3 hard event samples: dijet, WW and tt̄ production,
with hadronic W decays, all with underlying event (UE)
turned off (were it turned on, the subtraction proce-
dure would remove it too). We use anti-kt jets [43]
with R = 0.7, taking only those with pt > 500 GeV
(before addition of pileup). All jet-finding is performed
with FastJet 3.0 [44]. The determination of ρ and ρm

for each event follows the area–median approach [23]:
the event is broken into patches and in each patch one
evaluates pt,patch =

∑

i∈patch pt,i, as well as mδ,patch =
∑

i∈patch

(

√
m2

i + p2t,i−pti
)

, where the sum runs over par-
ticles i in the patch. Then ρ and ρm are given by

ρ = median
patches

{

pt,patch
Apatch

}

, ρm = median
patches

{

mδ,patch

Apatch

}

,

(6)
where A is the area of each patch. To obtain the patches
we cluster the event with the kt algorithm with R =
0.4. For non-zero ρm the formula for correcting a jet’s
4-momentum is

pµjet,sub = pµjet− [ρAx
jet, ρA

y
jet, (ρ+ρm)Az

jet, (ρ+ρm)AE
jet] ,
(7)

with the area 4-vector, Aµ, as defined in [21].
We have 17 observables and 3 event samples. Fig. 1

gives a representative subset of the resulting 51 distribu-
tions, showing in each case the distribution (and average)
for the shape without pileup (solid green line), the result



Grooming

✤ Try to more actively distinguish contaminating radiation from signal

✤ Three main algorithms:

✤ Filtering: Designed for boosted object decays where the number of 
hard partons is known  

✤ Pruning:  Remove soft & wide angle mergings in parton shower to 
reduce the effects of contamination and lower QCD backgrounds.

✤ Trimming: Designed for QCD jets from light partons.  Keep all 
subjets above a threshold



Pros and Cons

✤ Subtraction

✤ Easily understood, can be 
used with any jet shape.

✤ Assumption of uniform 
contamination misses local 
information.

✤ Observables can take 
unphysical values if 
expansion parameter (PU 
density) too large.

✤ Grooming

✤ Functions at a local level - no 
assumption of uniform 
pileup.

✤ Can change the perturbative 
calculation.

✤ Groomers can distort jet 
shape measurements if one is 
not careful.



✤ It turns out that neither subtraction nor grooming take full advantage 
of the data from the detectors.

✤ What about charged tracks?

Jet Cleansing, DK, M. Low, M. Schwartz, L.-T. Wang, on the arXiv tonight

Jet Cleansing



✤ Basic idea: Subtract off charged particles from pileup, but also use 
these to rescale the neutral momentum.

✤ Let ! be the charged to total pT ratio in a subjet (!0 is for pileup, !1 is 
for the primary vertex)

✤ Once we have these two ratios the neutral rescaling is simple.  In 
cleansing we present three ways of measuring this ratio:

2

(e.g. jet mass, N -subjettiness) which are sensitive to the
distribution of radiation within a jet. Further, 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.

Jet Cleansing

1. Assume it’s the same 
for the primary vertex 
and for pileup

2. Assume that the pileup 
charged to neutral 
ratio is constant

3. Use some more 
sophisticated 
likelihood
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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, 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.

No correction
Area subtraction
Charged Hadron Subtraction
Area subtraction with trimming
JVF cleansing
Linear cleansing
Gaussian cleansing

0 20 40 60 80 100 120 140

0.98

0.95

0.9

0.8

0.5

0.1

0.98

0.95

0.9

0.8

0.5

0.1

NPU

r
HCo

rr
el
a
ti
o
n
w
it
h
tr
u
th
L

Dijet Invariant Mass

No correction
Area subtraction
Charged Hadron Subtraction
Area subtraction with trimming
JVF cleansing
Linear cleansing
Gaussian cleansing

0 20 40 60 80 100 120 140

0.98

0.95

0.9

0.8

0.5

0.1

0.98

0.95

0.9

0.8

0.5

0.1

NPU

r
HCo

rr
el
a
ti
o
n
w
it
h
tr
u
th
L

Jet Mass

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 cleans-
ing) to the total jet pT . Subjets with f < f

cut

are dis-
carded. Trimming with f

cut

gives a substantial improve-
ment to area and shape subtraction, a mild improvement
to JVF and linear cleansing, and negligible improvement
to Gaussian cleansing.

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

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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4

Significance improvement

Algorithm
NPU = 20 NPU = 140

plain trimmed plain trimmed

CHS 0.86 1.07 0.48 0.63
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.

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-
able, the jet mass. As measures of performance, we con-
sider significance as approximated by S/

p
B in a 40 GeV

window which is floated separately to optimize signifi-
cance for each method. For signal events, we also com-
pute the Pearson linear correlation coe�cient r between
the observable before and after pileup is added. Results
for the dijet invariant mass and jet mass are presented
in Tables I and II respectively. Correlations for sample
distributions are shown in Fig. 2 and the correlation co-
e�cients as a function of N

PU

are plotted in Fig. 4.
As one can see from the tables and plots, jet cleans-

ing yields the best performance in every test case. Both
area and shape subtraction can be improved by work-
ing at the subjet level, and including a mild amount
of trimming, yet even with these improvements we see
that cleansing still comes out ahead. Also, as mentioned
above, cleansing is especially e↵ective at improving mea-
surements of observables like jet mass which are more
sensitive to the spatial distribution of radiation within
a jet. For example, it would be especially interesting to
consider jet cleansing’s e↵ect on N -subjettiness [40–42]
which is known to be especially sensitive to contamina-
tion.

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.

Jet mass has been calculated to high accuracy using
pertubative QCD [43–45], and measured in run I LHC
data [46, 47]. A direct comparison between these calcu-
lations and the data has been limited by the contamina-

Distance correlation

Algorithm
Jet mass Dijet mass

NPU = 20 140 NPU = 20 140

CHS 20 37 0.9 13
Shape/Area Sub. 18 45 2.9 15
JVF Cleansing 2.3 4.0 1.6 3.6
Linear Cleansing 2.3 5.5 1.1 1.7

Gaussian Cleansing 2.2 3.9 1.1 1.3

TABLE II. The distance correlation, d = 1 � r, written in
percent, where r is the linear correlation coe�cient between
jet mass or dijet mass as measured on pileup-free samples
and samples with various levels of pileup. Smaller values are
better — they indicate higher correlation.

tion of pileup. Since the improvement in pileup removal
of cleansing over shape subtraction for jet mass are sub-
stantial, there is now hope that precision QCD jet shape
(and jet distribution) calculations can be productively
compared to data from the high luminosity LHC runs.

While jet cleansing works extremely well at high
pileup, it is not perfect. It would be interesting to ex-
plore whether it could be improved by combining it with
jet area subtraction, or by exploiting the probabilistic
approach as in the Qjets paradigm [15–17]. It would also
be interesting to see if cleansing can reduce the uncer-
tainty on missing energy measurements. Finally, a note
of caution – jet energy uncertainties [48, 49] may ulti-
mately limit the performance of jet cleansing. However,
given the potential improvements provided by cleansing
over current methods, especially in the reconstruction of
jet shapes, it is likely that cleansing will still be useful
when full detector e↵ects are included.
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Advantages

✤ Cleansing doesn’t change one’s perturbative calculations

✤ Requires subjet calibration, which experimental collaborations 
already have much experience with.

✤ Cleansing fixes general jet shapes - you cleanse once and then 
measure anything you’d like (N-Subjettiness, etc).

✤ Numerically, jet cleansing seems to outperform grooming, 
subtraction, and combinations of the two for measures of correlation 
and measures like S/r(B)



Challenges

✤ May ultimately be limited by systematic uncertainties.

✤ However, one would still expect cleansing to help with jet shapes 
since it uses local information.

✤ Try it with N-subjettiness!

✤ Distinguishing pileup vertices may be hard at very high PU levels.

✤ How much does this degrade the method?



Conclusions

✤ Many great new tools now exist to help dig-out and characterize BSM 
physics (if it’s there).

✤ These have all been tested in 7/8 TeV data and the agreement with 
theory is remarkable.

✤ However, as we go to higher luminosity to search for BSM physics 
we’re going to encounter new challenges with increased pileup.

✤ Subtraction and jet grooming are effective, but they can’t fully 
alleviate pileup issues.

✤ Perhaps jet cleansing can help


