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The jet trimming procedure has been demonstrated to greatly improve event reconstruction in hadron
collisions by mitigating contamination due initial state radiation, multiple interactions, and event pileup.
Meanwhile, Qjets—a nondeterministic approach to tree-based jet substructure—has been shown to be a
powerful technique in decreasing random statistical fluctuations, yielding significant effective luminosity
improvements. This manifests through an improvement in the significance S=δB, relative to conventional
methods. Qjets also provides novel observables in many cases, like mass-volatility, that could be used to
further discriminate between signal and background events. The statistical robustness and volatility
observables, for tagging, are obtained simultaneously. We explore here a combination of the two techniques,
and demonstrate that significant enhancements in discovery potentials may be obtained in nontrivial ways.
We will illustrate this by considering a diboson resonance analysis as a case study, enabling us to interpolate
between scenarios where the gains are purely due to statistical robustness and scenarios where the gains are
also reinforced by volatility variable discriminants. The former, for instance, is applicable to digluon/diquark
resonances, while the latter will be of relevance to di-W�=di-Z0 resonances, where the boosted vector
bosons are decaying hadronically and have an intrinsic mass scale attached to them. We argue that one
can enhance signal significance and discovery potentials markedly through stochastic grooming, and help
augment studies at the Large Hadron Collider and future hadron colliders.
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I. INTRODUCTION

The Large Hadron Collider (LHC) has spectacularly
confirmed our understanding of the Standard Model (SM)
of particle physics, primarily among them through the
discovery of the long-awaited Higgs boson [1,2]. The LHC
is currently in its Run-II phase and various signal topol-
ogies are being actively searched for, further expanding
our quest for physics beyond the Standard Model (BSM).
Unfortunately, the absence, so far, of any persistent and
unambiguous BSM signals at the LHC (as well as related
low-energy precision/flavor experiments) has put some of
the most popular scenarios like composite Higgs, extra
dimensions and low-energy supersymmetry under tension
(see e.g. [3] for a nice summary of the latter’s status
after Run I). In the complete absence of any hint for
“well-motivated” BSM scenarios, the importance of gen-
eral purpose searches cannot be emphasized enough.
Possibly the simplest example of such general purpose

searches is the search for heavy resonances decaying into
pairs of reconstructed objects, such as isolated photons,
leptons or jets. Indeed, the recent excitement in the particle
physics community arose from one such search, namely the
search for a diphoton resonance (see [4] and references

therein). There may even be tantalizing hints of new
physics in other diboson searches [5,6], yet to be confirmed
and understood. On one hand, this general strategy is
sensitive to varied models and topologies; on the other
hand, it is sometimes unavoidably plagued by the lack of
sufficient handles in the event. Since event information
cannot be used, oftentimes the scope of these methods is
limited by the efficacy of identifying/tagging reconstructed
objects and the invariant mass resolution of the resonances.
Clearly, these generic searches are more likely to succeed
when the decay products contain hard photons and leptons,
and less so when decay remnants only give rise to jets,
because of the ubiquitous SM backgrounds (mostly due
to QCD).
If the hadronically decaying resonance is significantly

boosted, such that its decay products remain tightly
collimated, it would in turn give rise to a single fat jet;
in these cases tackling background becomes relatively
easier. Techniques based on jet substructure physics have
enabled us to effectively tag jets arising from the decay of
boosted heavy particles, to improve searches for new signal
topologies, to investigate various jet properties and to
mitigate contamination [7–47]. (See [48] and references
therein for a review and comparison of some of these
techniques.)
Even though these tools provide impressive signal-

to-background separation (namely, S=B) or discovery
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potential (namely, S=δB) in the boosted limit, we have
made only limited progress, relatively, for the nonboosted
scenarios where the heavy resonances give rise to multiple
jets. Marginal improvements in S=B and S=δB has been
reported [20] if the jets that are used to reconstruct the
resonance are “trimmed” first. Jet trimming [20] was
developed, with light parton jets in mind, as a means to
reduce contamination from soft radiation, primarily from
initial state, multiple interactions, and pileup (terms defined
later). The aim was to extract from the event record, as
optimally as possible, information corresponding to the
hard scattering of interest. It was argued that one may
achieve good improvements in signal reconstruction, in the
presence of generic QCD backgrounds [20]. The method
has since been convincingly demonstrated, in numerous
analyses, to be a powerful tool, by both the LHC collab-
orations (see for instance [49–55]).
The aim of this paper is to provide techniques that further

enhance both S=B and S=δB over ordinary trimming, and at
the same time remain relatively pileup robust. In order to
achieve it, we propose a stochastic grooming methodology:
Qtrimming, a technique that improvises trimming by
borrowing ideas from Qjets, a nondeterministic approach
to jet substructure [37]. Qjets was originally motivated by
the fact that the actual parton shower is not technically
invertible, with the various jet algorithms attempting to
closely approximate the pT-ordered or angular-ordered
shower sequence, or both. This way of interpreting jets
through multiple sets of possible showering histories was
shown to enhance discovery potentials significantly. The
nontrivial statistical properties of the method were further
studied in [44], demonstrating how the improvements arise
both quantitatively and through simulation. It was also
emphasized that the stochastic method provides new
distributions in many cases of various jet observables,
giving an additional handle in discriminating signal and
background [37,44]. This methodology of multiple inter-
pretations has since been extended to the case of h → bb̄
events [56–58], finding remarkable improvement in sig-
nificance. The effectiveness of the Qjet paradigm in real-
world scenarios has been corroborated at the LHC [59–62].
A central theme of this paper originates from the

understanding that like most groomers, trimming depends
on the clustering history. The Qjets algorithm involves
assigning to a jet many clustering histories, each of which
results in a distinct trimmed jet. The groomed jet from the
usual trimming approach (henceforth referred to as conven-
tional trimming) can be thought of as a single member of
this ensemble of trimmed jets. If a tagging requirement is
made on the trimmed jet (for example, whether the jet falls
within a specified mass window or not), it is clear that
conventional trimming maps a jet to a binary probability
distribution (i.e. tagged or not tagged). On the other hand,
in case of Qtrimming, one can ask for the fraction of
iterations that give rise to a groomed jet that satisfies the

tagging criteria. Merging trimming with the Qjets paradigm
therefore maps a jet to a real number, in the interval [0, 1],
designating the tagging efficiency for the jet. This will be
shown to generically enhance discovery potentials, by
rendering additional statistical stability to the jet observ-
ables as well as providing new handles for event discrimi-
nation. A comparison of similar methodologies as applied
to other jet grooming techniques is beyond the scope of the
present work and we delegate it to a forthcoming study.
As a case study, we will demonstrate the potential for

our approach by looking at a toy example, where a heavy
resonance (Φ) decays to W� bosons, which subsequently
decay to jets

pp → Φþ X → Wðqq̄0ÞWðqq̄0Þ þ X: ð1:1Þ

Note that in the limit of interest, mΦ ≫ mW , the decay
products from the W� will be collimated; we will refer to
these collimated jets from the W� decays as the daughter
jets. So, we have the interesting and rich scenario where
multiple particles are to be tagged, that is, usingW tagging
(say, in the simplest case, if the corresponding daughter jet-
masses are in a prescribed mass window) and Φ tagging
(say if the reconstructed dijet mass is in a particular mass
window). For an event to be finally tagged as the topology
of Eq. (1.1), both daughter jets need to be tagged asW� and
the dijet, constructed from the daughter jets, need to be
tagged as Φ. Again, for conventional trimming, an event
is either tagged or not tagged. In contrast, for Qtrimming
there are various ways to map the event to a real number
representing the event-tagging efficiency, in nontrivial
ways. For example, the event-tagging efficiency could be
taken as the product of the tagging efficiencies of each of
the daughter jets (as candidates for W�) and the tagging
efficiency for the dijet 4-vector (as a candidate for Φ). We
shall explore various cases systematically and quantify the
gains for each choice. As a general feature, it is found that
as the Qjets algorithm is altered to accommodate trimming,
it produces an improved, statistically stabilized, counting
of background events, i.e. δB <

ffiffiffiffi
B

p
, a feature character-

istic of the Qjets paradigm [37,44]. An added benefit of
the stochastic method is that in many cases it also provides
new distributions for various jet observables (namely
volatilities, defined later). These are obtained automati-
cally, without any additional computations, and give an
additional handle in discriminating signal and background
[37,44]. By applying a cut on these volatilities in relevant
cases, one can hope to improve S=B and S=δB significantly.
We will utilize a simple mass-volatility variable to dem-
onstrate this and will delineate the specific improvements
due to it.
We will explore various limits of tagging an event, in the

context of Qtrimming, to understand in detail the various
ways in which discovery potentials may be enhanced. This
will also provide a unified way to look at the method as a
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whole. The idea will be to progressively incorporate more
and more information, from the stochastic perspective,
thereby furnishing a nice interpolation between cases where
the enhancements are purely due to statistical robustness
and cases where the gains are also augmented by volatility
discriminants. These cases are quite general—the former is
applicable to any digluon/diquark resonance, and the latter
to any di-W�=di-Z0 resonance, where the boosted vector
bosons are decaying hadronically. Investigating various
cases, we shall argue that the stochastic grooming method
can significantly augment collider searches and improve
discovery potentials.
In Sec. II, to fix our terminologies and notations, we

briefly review the concept of jets and the various sequential
jet algorithms, along with some of the current techniques
being employed to reduce contamination. In Sec. III, the
idea of a nondeterministic approach to jet formation is
briefly reviewed, emphasizing the various statistical quan-
tities of interest, and motivating the gain in statistical
stability endowed by this approach. We will describe our
specific procedure in Sec. IV, and we will illustrate in
Sec. V that by combining trimming with nondeterministic,
tree-based jet substructure we can achieve significant gains,
much beyond improvements obtainable in the conven-
tional, deterministic approaches. Section VI contains a
summary of our study and the main conclusions.

II. JETS AND JET GROOMING TECHNIQUES

In this section, we will briefly discuss some concepts
related to jets and jet grooming methods, relevant to the
present work, fixing terminology and notations along
the way.

A. Parton showers and sequential jet algorithms

Many of the searches at the LHC and the high energy
frontier involve colored final states. Due to asymptotic
freedom, any hard parton produced directly or from decays
ultimately manifests as color-singlet hadrons at long dis-
tances. This process is generally viewed as a multistage,
parton-shower evolution with the collection of nearby final-
state hadrons being identified as a jet at the end.
Jets are constructed by clustering various detector

elements (such as calorimetric cells, tracks, or even particle
flow 4-vectors) employing a suitable jet algorithm. The first
such procedure was developed in the context of eþe−
collisions [63]. Various algorithms exist currently, differing
in their methodology and clustering behavior; though these
inherently present a level of ambiguity in any jet-based
measurements, any infrared safe algorithm will yield valid
results that may be compared to theoretical calculations
(see for example [64,65] and references therein).
An important class of jet algorithms are the sequential

recombination algorithms, where jets are constructed iter-
atively, starting from final-state particle momenta. They are

used prolifically in most of the current analyses. Primarily,
two metrics are involved at each step of a sequential
recombination jet algorithm

dij ¼ min ðp2p
Ti
; p2p

Tj
ÞΔR

2
ij

R2
; di ¼ p2p

Ti
: ð2:1Þ

Here, ΔRij ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðyi − yjÞ2 þ ðϕi − ϕjÞ2

q
is the angular

distance between a pair of 4-vectors i and j with y, ϕ
and pT being the rapidity, the azimuthal angle and the
transverse momentum, respectively. R represents the char-
acteristic size of the jet to be constructed. At each step, the
above measures are computed and if the smallest among
these correspond to a two-object measure (dij), the objects i
and j are merged and taken to the next step in the sequence.
If the smallest measure is a one-object measure (di), it is
removed from further iterations and is designated a jet. The
process is continued until all objects have been merged (an
inclusive jet algorithm) or until a fixed distance between
objects has been achieved (an exclusive jet algorithm).
Depending on the choice of the parameter p, signifying
our approximation of the unknown parton-shower history,
the sequential algorithms have various names: kT (p ¼ 1)
[66,67], Cambridge-Aachen or C/A (p ¼ 0) [68,69] and
anti-kT (p ¼ −1) [70].
Note that given a choice of a sequential recombination

algorithm, the tree history leading to a jet from a set of final
states is completely deterministic. In Sec. III, we will see
that this procedure may be recast in a nondeterministic way,
rendering the construction largely independent of the jet
measure used and therefore more likely to characterize the
physical features of a jet, as opposed to some artifact from
the particular, deterministic, recombination jet algorithm
being used.

B. Underlying events and jet grooming

If a jet can be constructed as faithfully as possible to
true scattering, one may hope to achieve optimal signal
characterization and significance. This is generally only
possible if the final states detected in a detector came solely
from hard scattering, without any contamination—in short,
an idealization too far removed from reality. Apart from
implicit unknowns in the parton-shower history, which we
shall discuss briefly in the next section, the detector will
also record final states coming from vertices other than the
primary, hard-scattering vertex of interest.
The incoming initial states will generally radiate before

undergoing scattering, leading very often to substantial
initial-state radiation (ISR). Furthermore, one has to worry
about nonprimary scatterings between partons, constituting
the hadrons that are participating in a hard scattering. These
scattering events are usually termed multiple interactions
(MI). At the LHC, where bunches of a large number of
protons are made to collide at an interaction point, there is
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further complication due to interactions between other
nonprimary hadrons in the colliding bunches. This con-
tribution to jet contamination goes by the name of pileup
(PU). The above effects are especially pertinent for modern
hadron colliders, like the LHC, due to their large energies
and luminosities. It is crucial for new physics studies to
mitigate these effects, before attempting to characterize
signal-like or backgroundlike events.
Thus, any jet algorithm is forced to deal with an

inevitable dichotomy—one would like to form jets large
enough to include all of the hard-scattering decay products
and account for wide-angle final-state radiation (FSR),
while on the other hand balance how large jets can be, due
to ISR/MI/PU contamination.
This dichotomy may be addressed in many ways. One

simple way is to try and choose an optimal jet size that
achieves both objectives to the best extent possible.
Another approach would be to incorporate observables
that are relatively immune from contamination affects. A
more active method would be to try subtract off contribu-
tions from ISR/MI/PU. In this approach one could, for
instance, try to subtract off from a jet a fixed contribution
[71], proportional to the jet area [72] or shape [36].
Alternatively, one could aggressively groom each jet by
“unwrapping” its constituent parts. Such an approach is
motivated by the observation that there is usually just a
single hard scattering in each event, with all other sources
of radiation like ISR/MI/PU stemming from much softer
scatterings.
Thus, by unwrapping a jet and removing soft radiation

through a modification of the sequential clustering procedure
or by analyzing the daughter subjets of a jet, one expects that
the reconstruction may be improved. Depending on the exact
methodology used, these approaches have various names—
jet filtering [10], pruning [18], trimming [20], cleansing [73],
soft drop [74] and so on (see [48] and references therein for a
more comprehensive listing and details).
A combination of pruning in consort with a nondeter-

ministic recombination jet algorithm was already explored
in Ref. [37], for the case of the boosted-W� topology. As
mentioned earlier, our aim here is to explore, in some detail,
the potential benefits obtained in combining the non-
deterministic approach of Qjets with jet trimming, taking
as prototypes the case of a diboson resonance topology.
In the case of trimming, the contamination is reduced

by applying a threshold cut on the transverse momentum
of each subjet, constituting the jet to be groomed. One
requires each daughter subjet to satisfy

pT > fcut · Λhard: ð2:2Þ

Here, fcut and Λhard are parameters of the trimming
algorithm. For instance, one may choose Λhard to corre-
spond to the transverse momentum of the jet. Like most
grooming methods, one of the crucial things to note is that

significant gains are obtained because the backgrounds
are attenuated drastically in some tagging window, relative
to signal, as a consequence of grooming. Trimming, in
going from algorithms designed for boosted heavy particles
to one specifically designed for light parton jets, gives
additional gains in topologies such as a dijet resonance
[20]. This latter feature is especially interesting and is
among the motivations for the present investigation.
It should also be commented that the trimming param-

eters may be dynamically varied to suit the kinematics of
an event and the exact values may be deduced iteratively
from Monte Carlo simulations, or real data, tuned to
standard candles. As emphasized in the Introduction,
numerous studies have now corroborated trimming across
diverse scenarios at the LHC [49–55].

III. NONDETERMINISTIC APPROACH
TO JETS AND JET SUBSTRUCTURE

We now review the idea of nondeterministically con-
structing tree histories, and how the procedure leads to
greater significance and provides new variable discrimi-
nants for signal characterization.

A. The Qjets paradigm

As we described in Sec. II, jets arise out of the partons,
through a series of soft and collinear radiation showers,
clustered finally using some jet algorithm of choice. These
showers are thought to evolve hierarchically, in decreasing
order of transverse momenta or branching angles. An
immediate issue that one must address then is whether
the jet algorithm employed faithfully inverts the parton
shower. The answer is generally in the negative. A given
set of final-state particles in an event may have evolved
through a multitude of intermediate steps. Therefore, the
intermediate 1 → 2 branchings of the shower, leading to a
tree structure, are not always well defined. This ambiguity
may occasionally lead to different algorithms constructing a
jet observable differently. Depending on the details of one’s
selection criteria, it may then occur that the construction
from one of these algorithms fails the tagging requirement.
This inherent noninvertible nature was the motivation

behind considering a nondeterministic way to construct the
trees [37,44]. In this viewpoint, a set of trees (with some
appropriate weights) is associated with each jet. In the
earlier, deterministic way of constructing trees (which we
shall refer to as the conventional method), all information
about the ambiguity in clustering and eventual jet tagging is
discarded. Thus, for instance, in the conventional method,
any two jets that pass a set of selection criteria are assigned
the same weights, even if one is unambiguously tagged and
the other only marginally satisfied the tagging criteria.
Thus, conventional tagging efficiency per jet is binary;
taking the value 1 or 0, depending on if the tagging criteria
is satisfied by an individual jet or not.
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The stochastic approach tries to rectify this by assigning a
distribution of trees for each jet. This may equivalently be
viewed, if desired, as processing a jet using a range of
algorithms and grooming procedures. This concept is illus-
trated in Fig. 1. In the stochastic method, the tagging
efficiency exhibits a continuous range of values, in the
interval [0, 1]. This is a manifestation of the fact that with
each jet we are now associating a distribution of appropriately
weighted trees and associated observables. The stochastic
approachwas shown to have twomarked advantages [37,44].

(i) An improvement in the statistical stability of jet
observables and tagging. This was shown to provide
an increase in discovery potential S=δB; the sto-
chastic approach reduces the statistical fluctuation
δB for the same number of background jets relative
to conventional clustering approaches.

(ii) One may now associate to each jet a distribution
for any observable of interest. This was termed
volatility, and was shown to have powerful discrimi-
nating characteristics in distinguishing signal-like
and QCD-like events. (This was shown specifically
in the case of the jet mass in the earlier studies, but
the idea is more general.)

Given a set of final-state four-momenta, associating a
set of trees to each jet in an event would be impractical if
one had to consider all tree histories in its entirety. It is
nevertheless seen that a good approximation to such a
procedure, capturing all salient features of the tree distri-
butions, can be achieved through a method akin to
Monte Carlo algorithms. Since IR and collinear safe
observables are insensitive to small rearrangements in
momenta, the set of trees deviating drastically from conven-
tional clustering have very small weights, while the set of
tress relatively closer to the conventional tree history give
very similar weights. This equips us to extract most of the
required information by considering a small fraction of the

trees in a computationally efficient manner. As already
mentioned, many aspects of this paradigm have already
been validated at the LHC, by both the ATLAS and CMS
Collaborations [59–62].
We will incorporate this method to find the subjets of

a given jet for the purpose of trimming. A conventional
subjet-finding algorithm, taken as a part of ordinary
trimming, assigns binary tagging probabilities to each
subjet. This is meant in the sense that each subjet found
is either discarded or kept, depending on its respective pT .
This could subsequently manifest itself, indirectly, as a
binary tagging probability for the trimmed jet. With the
nondeterministic algorithm, each jet gets assigned a history
of subjet components. Each of these subjet interpretations
is then taken as input into the trimming procedure, and like
in the earlier case, gives better statistical stability because
the tagging probability for the parent jet now has a
continuous distribution in the interval [0, 1]. In addition,
as before, a mass-volatility variable can be applied effec-
tively if the jet being trimmed has an intrinsic mass scale, to
characterize it from generic QCD background.

B. Qjet observables and statistics

In this subsection, we will define the variables of interest
and review in brief how the statistical robustness comes
about.
In the conventional trimming case (henceforth denoted

by a superscript “T”), for each jet (labeled by subscript α)
the tagging probability is binary, in that it is either tagged or
not tagged,

τTα ¼
�
1 Conventionally trimmed jet ∈ tagging criteria

0 Conventionally trimmed jet ∉ tagging criteria
:

ð3:1Þ

FIG. 1. Ambiguities in jet algorithms may be mitigated by constructing a history of trees. A nondeterministic approach to tree-based
jet substructure, like Qjets, associates to each jet an appropriately weighted family of trees.
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The tagging criteria could be some specific set of require-
ments, the simplest being, for instance, a mass-window
criterion. The total number of tagged jets (or equivalently
events, if we are considering a single jet of interest in each
event and its tagging efficiency is being directly taken as
the tagging efficiency for the event) in this case will be

NT
tag ¼

XN
α¼1

τTα ; ð3:2Þ

whereN is the total number of jets/events being considered.
The corresponding fractional uncertainty in the number of
tagged jets is given by

�
δNtag

Ntag

�
T
¼ 1ffiffiffiffiffiffiffiffiffi

ϵTNN
p ; ð3:3Þ

where ϵTN denotes the conventional tagging efficiency

ϵTN ¼ NT
tag

N
: ð3:4Þ

This is just the mean hτTi.
In the Qtrimming case, each jet is being interpreted

multiple times and therefore has a tagging probability in the
interval [0, 1]. With the multiple interpretations, in combi-
nation with some grooming procedure, any jet character-
istic will now also have a distribution of values. Let us
consider details pertaining to the tagging efficiencies first.
We will use a superscript “QT” to denote the stochastic
cases with trimming.
Each jet (say, labeled by α again), now being interpreted

Niter times (Fig. 1) gives a tagging efficiency

τQTα ¼ 1

Niter

XNiter

k¼1

�
1 kthinterpretation ∈ tagging criteria

0 kthinterpretation ∉ tagging criteria
:

ð3:5Þ

The “number” of tagged jets is therefore

NQT
tag ¼

XN
α¼1

τQTα : ð3:6Þ

In the nondeterministic case, it may be shown that one gets
a nontrivial result for the corresponding fractional uncer-
tainty in tagged jets [44]

�
δNtag

Ntag

�
QT

¼ 1ffiffiffiffi
N

p ×

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ σ2

τQT

hτQTi2

s
: ð3:7Þ

Here, hτQTi and σ2
τQT

are the mean and variance,

respectively, of the τQTα tagging efficiencies, computed

over all the N events. In the nondeterministic approach,
we may equate the mean signal efficiency (ϵQTS ) and mean
background efficiency (ϵQTB ) to the corresponding hτQTS i and
hτQTB i respectively. Note that one may consider conven-
tional tagging as the limit where the stochastic tagging
efficiency τQTα , per jet, approaches either 0 or 1.
One of the crucial points to note is that for any

probability distribution [44],

1ffiffiffiffi
N

p ≤
�
δNtag

Ntag

�
≤

1ffiffiffiffiffiffiffiffiffiffihτiNp ; ð3:8Þ

since σ2τ ≤ hτið1 − hτiÞ. This translates to a condition

δNtagffiffiffiffiffiffiffiffi
Ntag

p ¼
ffiffiffiffiffiffiffiffi
hτ2i
hτi

s
≤ 1; ð3:9Þ

since hτ2i ≤ hτi. Note that the upper limit is saturated for
the conventional case, where δNtag ¼

ffiffiffiffiffiffiffiffi
Ntag

p
. The upper

bound being saturated by the fractional uncertainty in
conventional tagging implies that, compared to conven-
tional tagging which is binary, Qjet tagging can lead to
significant reductions in the fractional uncertainty in cross-
section measurements.
Putting these ideas together, we can quantify the relative

change in significance or discovery potential, between
conventional and stochastic cases, as a figure of merit

ðS=δBÞQT
ðS=δBÞT ¼ ϵQTS

ϵTS
·

1

δBQTffiffiffiffiffiffi
BQT

p
ffiffiffiffiffi
ϵQTB
ϵTB

r : ð3:10Þ

Here, S is the number of tagged signal events

ST=QT ¼
X

α∈signal
τT=QTα : ð3:11Þ

Conventional tagging efficiencies, as mentioned earlier,
may be taken as the limit where each τα is either 0 or 1,
compared to the Qjet case where τα ∈ ½0; 1�. δBc=q is the
rms fluctuation in background events that pass the tagging
criteria,

BT=QT ¼
X
α∈bkg

τT=QTα : ð3:12Þ

ϵT=QTS=B are the efficiencies as defined earlier, and identified
with hτS=Bi. Note that an equivalent methodology would be
to use pseudoexperiments to define the figure of merit, as
implemented in the original study [37].
The significance (S=δB) is proportional to the square

root of the luminosity (
ffiffiffiffi
L

p
), and any relative improvement

in it (more specifically the square of S=δB) may be
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interpreted as an effective improvement in the luminosity.
Another way to state this would be that if there is
improvement through stochastic jet grooming, one may
obtain the same discovery potential for a much reduced
integrated luminosity.
Let us now turn to the fact that in the nondeterministic

approach, with multiple interpretations of a single jet, one
also obtains distributions for jet observables. This novel
feature may now be utilized for signal-background dis-
crimination, by making judicious cuts on variables con-
structed from these distributions. For instance, a mass
volatility [37,44], per jet, may be defined as

Vm ¼ Γm=mc; ð3:13Þ

where Γm ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var:ðmÞp ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hm2i − hmi2

p
is the rms

deviation of the jet mass (over the Niter. interpretations),
and mc is the conventional jet mass that would be obtained
from a conventional jet algorithm. Note that in the earlier
literature [37,44], the rms deviation was divided by the
average mass hmi, over Niter. interpretations, to get a
dimensionless mass volatility. Here we now use a slightly
different normalization, without loss of generality. In our
investigation, the mass volatility is calculated without
imposing any signal-window criteria on the Qjets, but
requires that the corresponding conventionally trimmed jet
fall within a suitably defined signal mass window. This
allows for an honest comparison of the two methods.
As has been pointed out [37,44], if the object on which the
Qjet algorithm is being run has an intrinsic mass scale, for
instance boosted W� → jj, one expects its mass volatility
to be generally lower than QCD jets (which usually have no
intrinsic mass scales associated with them, in the limit we
are working under). This may be leveraged, as we shall see,
to improve searches. As an aside, also note that this idea
is generally applicable to any jet observable of interest
that has a distribution, after applying the nondeterministic
algorithm. For a general jet observable O, a O-volatility
may be defined as

VO ¼ ΓO=Oc: ð3:14Þ

Here, ΓO ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var:ðOÞp

, over the Niter interpretations, and
Oc is the conventional value of the jet observable, that
would again be obtained from a conventional jet algorithm.
It is conceivable that a study of these O-volatility distri-
butions may further help in characterization; this never-
theless is beyond the scope of our present study.
In the next section we describe the procedure we

follow, along with simulation details. In Sec. V we will
then demonstrate that one indeed gains significantly, in
terms of an enhancement in discovery potential, through
stochastic grooming.

IV. STOCHASTIC JET GROOMING
METHODOLOGY

As pointed out in Sec. III, the Qjets paradigm brings
improvements through two novel features: (i) modified
tagging efficiencies, leading to significantly improved
statistical stability, and (ii) new observables from distribu-
tion of jet variables, in the dimension of clustering histories.
This in combination with trimming—Qtrimming—is the
focus of our investigation. In this section we describe our
procedure and the scenarios we consider to illustrate its
performance.

A. The Qtrimming procedure

Given an event, we identify and reconstruct objects using
a suitable set of parameters; we will list the values adopted
in Sec. IV C. With the reconstructed jets in hand, we apply
Qtrimming as follows.
(1) The input to Qtrimming is a given jet, for example,

an anti-kT jet with a given pT and R. The algorithm
works with the constituents of the jet. (Note that as
far as Qtrimming is concerned, the algorithm does
not really care whether the constituents are detector-
level output, such as tracks, calorimeter cells or
particle flow, or simply hadrons from the shower.)

(2) Calculate all pairwise distances dij, given by
Cambridge-Aachen measure [68,69]

dij ¼ ΔR2
ij ¼ ðyi − yjÞ2 þ ðϕi − ϕjÞ2; ð4:1Þ

where ΔRij is the angular distance between a pair of
4-momenta. As usual, y and ϕ represent the rapidity
and the azimuthal angle, respectively.

(3) For each pair of 4-vectors, calculate the probability
of merging from the distance measures,

PðαÞ
ij ¼ 1

N
exp

�
−α

ðdij − dminÞ
dmin

�
; where

dmin ¼ Minfdijg: ð4:2Þ

Following Refs. [37,44], α andN denote the rigidity
parameter and the normalization.

(4) After a pair is chosen and merged, repeat steps 2–4,
until all particles satisfy the following:

dmin ≥ Rtrim: ð4:3Þ

At this point, all the 4-vectors remaining (call them
protojets) are passed to the grooming algorithm.

(5) Discard all protojets with pTi
< fcut · pJ

T . Here fcut
is a fixed dimensionless parameter and pJ

T is the
transverse momentum of the original jet. The jet
trimming algorithm implemented here closely fol-
lows that of Ref. [20].
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(6) Repeat steps 2–5, Niter number of times, to arrive at
Niter different interpretations of the same jet.

We apply this procedure to each signal and background
jet that is to be Qtrimmed. We will then impose a tagging
criteria, that will be detailed in Sec. V, to estimate the
statistical significance and figures of merit. In the next
subsection we describe our prototypical signal and back-
ground events. Details of the simulation, and the parametric
values adopted, will be listed in Sec. IV C.

B. Signal topologies considered

As discussed earlier, to make a detailed comparison we
will consider the case of a diboson resonance, considering
separately the hypothetical cases where the daughter
particles from the resonance decay are massless/light or
massive. We do this, in the context of our comparison, by
neglecting or utilizing the mass-volatility discriminant in
various ways. It will be shown that Qtrimming as a tool
smoothly migrates between both these cases, and yields
enhanced discovery potential under all circumstances,
albeit in slightly different ways. Proceeding in this fashion
helps us to faithfully compare cases where the enhancement
of signal significance is purely due to the added statistical
robustness versus cases where the significance is aug-
mented due to volatility discriminants.
Consider the case of a diboson resonance (Φ), produced

in pp-collisions, decaying to W� bosons which sub-
sequently decay hadronically

pp → Φþ X → W�ðqq̄0ÞW�ðqq̄0Þ þ X: ð4:4Þ

We take for the mass of the resonance mΦ ¼ 1 TeV and
the intrinsic width to be ΓΦ ¼ 5 GeV. Since mW ≪ mΦ,
the decay products of W� will be collimated due to the
boost. The events are thus characterized by two jets, say JL
(leading jet) and JNL (next-leading jet), where each jet
contains the all-hadronic decay products of a W� boson.
In a hypothetical scenario, we may speculate that the Φ

will be discovered primarily through two searches:
(i) A dijet resonance search—here, no jet-mass infor-

mation is used per se and one hunts for a bump on
top of the dijet mass (mJLJNL) continuum.

(ii) A di-W� resonance search where one tries to find a
bump on top of the dijet mass continuum and each
jet (JL and JNL) is now also required to be tagged as
a W�.

The former is relevant to digluon/diquark resonances,
where the two daughter particles from the resonance
decay are light/massless and have no intrinsic mass scales,
while the latter will also be of relevance to cases where
such an intrinsic mass scale provides additional handles in
the analysis. These are the two scenarios we shall consider.
In both cases we will take QCD dijets as our main
background.

C. Simulation details and parameters

We use Pythia 8.215 [75] to generate our signal (single
production ofΦ decaying to a pair of hadronically decaying
W� bosons), as well as background events (QCD dijets).
In all the cases, the signal events along with associated
QCD-dijet background are generated at 13 TeV LHC. We
use Tune4C [75] in Pythia 8.215 to simulate the busy hadronic
environment in proton-proton collisions. For the back-
ground events, we impose a parton-level, transverse
momentum cut p̂T > 400 GeV. No additional cut is
imposed for the signal events at the partonic level. PU
has been modeled by overlaying minimum bias, soft-QCD
events drawn from a Poisson distribution, with mean
hNPUi, over each signal/QCD-background event. We con-
sider hNPUi ¼ 40 for the comparisons, thereby hoping to
give conservative values for the improvements.

Delphes 3.3.2 is used to simulate the details of the ATLAS
detector, after the addition of PU (for further details, see
[76]). We only collect the tower outputs from Delphes,
and additional functionalities such as jet reconstruction
or energy rescaling of Delphes are not used in our study.
At the tower level, all entries with pT < 1 GeV associated
with the hadronic calorimeter are discarded.
The Delphes outputs are then clustered into jets by

FastJet 3.1.3 [77,78]. We use an anti-kT algorithm [70] with
parameters R ¼ 0.7 and pmin

T ¼ 500 GeV. An event is
selected as long as it contains at least two jets. It is required
that the two leading jets (in pT) are found in the central part
of the detector (i.e. jηj ≤ 2.0). From each selected event, the
two leading jets (let us call them JL and JNL respectively)
are retained for further analyses. The pT distributions of the
signal JL and JNL are shown in Fig. 2. We have assumed for
our prototypical system the case of a very narrow reso-
nance, with an intrinsic width (Γintr

Φ ¼ 5 GeV) much below
the dijet mass resolution of the detector. All the subsequent
width is mainly due to underlying events and detector
effects. In all the analyses, a simple mass window require-
ment is taken as the tagging criteria, corresponding to a
few times the respective intrinsic mass widths. The
relevant mass windows for the resonance Φ and W�,

FIG. 2. The pT distributions for the leading (red curve) and
next-leading (blue curve) signal jets.
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where applicable, will be taken as ΩΦ ≡
ð1000� ffiffiffiffiffiffiffiffiffiffi

1000
p Þ GeV and ΩW ≡ ð65–95Þ GeV. We will

demonstrate the method for this case, but a similar
approach with some additional handles should be poten-
tially applicable to resonances which are slightly broader.
The jet trimming parameters are chosen as the optimized
values, from the conventional analyses, as will be detailed
in Sec. V. We take Rtrim ¼ 0.2 and fcut ¼ 0.03, which are
used in all the analyses. For the Qtrimming analyses we
will take Niter ¼ 100, which may be demonstrated to be
sufficient to capture all relevant Qjet characteristics. We
will also consider various values of the rigidity parameter,
α, for comparisons and to validate limits.
Let us now consider the various cases of interest, the results

from the analyses and how they interpolate among each other,
displaying the gains from Qtrimming in the process.

V. RESULTS

In the context of discovering a hypotheticalΦ resonance,
we shall consider four different approaches. In each case, a
given event will be analyzed in two different ways—a
conventional analysis and a Qtrimming analysis. We will
progressively add more information from Qtrimming in
each subsequent analysis to clarify the gains obtained by
considering various aspects. This will also provide a nice
picture of how the cases interpolate smoothly among each
other, depending on the analyses.

A. Dijet resonance search (analysis I)

Consider the first case. Let the conventional and
Qtrimming analyses for this case be defined as follows:

(i) Conventional analysis: trim the leading jet (JL) and
next-leading jet (JNL) in the usual way [20] using the
set of optimized trimming parameters. Let us call
each of the trimmed jets JTL and JTNL. The combi-
nation of the two conventionally trimmed jets is a
provisional candidate for Φ,

JTL ⊕ JTNL ≡ JTΦ: ð5:1Þ

We will consider JTΦ to be tagged as coming from
Φ decay if the jet mass (see Fig. 3) falls within the
mass window ΩΦ (defined in IV C)

mJTΦ
∈ ΩΦ ⇒ Tagged: ð5:2Þ

This obviously gives a binary probability (i.e. 0 or 1),
say τTJΦ−Φ. Equate τ

T
JΦ−Φ to tagging an event asΦ-like

τT;Ievent ≡ τTJΦ−Φ: ð5:3Þ

To reiterate, the right-hand side is the conventional
tagging probability of the reconstructed dijet, defined

in accordance with Eq. (3.1), and this is being taken
as the conventional tagging probability for the event
as a whole.

(ii) Qtrimming analysis: trim JL and JNL now using the
procedure detailed in IVA, with Niter ¼ 100, using
the same optimized trimming parameters as in the
conventional case above. In each interpretation
(say kth, as in Fig. 1) we obtain two trimmed jets:
JkL and J

k
NL. Each of the interpretations now furnish a

provisional candidate for Φ

JkΦ ≡ JkL ⊕ JkNL; k ∈ ½1; Niter�: ð5:4Þ

We now therefore have a distribution of Niter
masses: fmJkΦ

g, as discussed in Sec. III A. In this
case, the probability that the dijet will be tagged as a
Φ, following Eq. (3.5), is

τQTJΦ−Φ ≡ 1

Niter

XNiter

k¼1

�
1 mJkΦ

∈ ΩΦ

0 mJkΦ
∉ ΩΦ

; ð5:5Þ

and this is equated with the probability that the event
will be tagged as Φ-like

τQT;Ievent ≡ τQTJΦ−Φ: ð5:6Þ

Unlike the binary event probability, τT;Ievent, in the
conventional analysis, this is some number in the
interval [0, 1] as we mentioned in Sec. III B. We
may now use this event-tagging efficiency from
Qtrimming, τQT;Ievent, to quantify how Φ-like the re-
constructed event is. We can then directly use the
formulas, from Sec. III B, to calculate signal and
background efficiencies and the variables of interest.

The event-tagging efficiencies for background and
signal events are shown in Fig. 4 in the conventional
and stochastic cases. Here, following Eqs. (5.3) and (5.6),
the conventional and stochastic event-tagging efficiencies
(top and bottom panels, respectively) are illustrated, for
the background QCD (left panels, black) and signal dijet
events (right panels, red). The figure is shown with α ¼ 1.0
in the Qtrimming case. The figure is also area normalized,
with a bin size of 0.1, as expected of a probability density
function (PDF).
With these definitions we may calculate the various

quantities of interest. The results for the full analysis are
presented in Table I, for various choices of the rigidity
parameter α, as defined in Eq. (4.2). For brevity, we have
only shown in the table those quantities explicitly relevant
for the computation of signal-background separations and
discovery potentials. As α → ∞, the Qtrimming procedure
should approach the conventional trimming procedure, and
for higher values of the rigidity, much greater than those
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shown in the table, this is indeed observed. This expected
behavior has already been pointed out in [37].
As α is reduced from very high values (i.e. the conven-

tional trimming limit), the binomial-like tagging efficiency
distributions become more spread out. Some of the events,
in which conventional trimming yielded a dijet mass out of
the mass window ΩΦ (i.e. with τT;Ievent ¼ 0), now have after
Qtrimming τQT;Ievent > 0. This is simply due to the fact that in
some of the interpretations, the Qtrimmed masses for the
dijets now lie inside the mass window. Similarly, a fraction
of the events conventionally classified by τT;Ievent ¼ 1 now
also have interpretations outside the mass windowΩΦ, after
Qtrimming, and hence move to bins with τQT;Ievent < 1.

For rigidity choices α ≳ 0.1, the number of interpreta-
tions moving into the mass window is seen to be greater
than those moving out, for both signal and background
events. This is reflected in the fact that SQT=ST > 1 and
BQT=BT > 1 for these values in Table I. The difference in
the specific trends has to do with the fact that the signal has
a dijet mass distribution peaking aroundΩΦ while the QCD
background is a falling distribution. This is subtly visible,
for instance, in Fig. 4 with the signal events (bottom right,
red) having a slightly higher weight near τ ¼ 1.0, compared
to background events (bottom left, black).
Note also that, as motivated in Eqs. (3.8) and (3.9), one

indeed finds δNtag=
ffiffiffiffiffiffiffiffi
Ntag

p
< 1 for the stochastic case,

yielding better statistical stability for both signal and
background. This is shown explicitly in Table I for the
δB=

ffiffiffiffi
B

p
ratios; note that δBtag ¼

ffiffiffiffiffiffiffiffi
Btag

p
in the conventional

trimming case (T), and hence the denominator is just unity.
The trend in the ratios of signal-background separation
(S=B) is understood directly from the behavior of SQT=ST

and BQT=BT, and the fact that the signal has a dijet mass
distribution peaking near ΩΦ while the QCD background
has a falling distribution as mentioned earlier.
Under the current analysis, the gains are purely from the

statistics of Qjets. The improvement in discovery potential
S=δB is predominantly from two sources. Following
Eq. (3.10), note that

ðS=δBÞQT
ðS=δBÞT ¼ SQT=ST ·

δBT

δBQT

¼ SQT=ST ·

ffiffiffiffiffiffiffiffi
BT

BQT

r
·

�
δBT=

ffiffiffiffiffiffi
BT

p

δBQT=
ffiffiffiffiffiffiffiffi
BQT

p
�
: ð5:7Þ

FIG. 4. Event-tagging efficiencies in analysis I (τIevent), for QCD background (left, black) and signal (right, red). The tagging
efficiencies for the conventional case (top panels), τTJΦ−Φ, and stochastic case (bottom panels), τQTJΦ−Φ, are as defined in Eqs. (5.3) and
(5.6). The stochastic Qtrimming case is for α ¼ 1.0. The figure is area normalized, with a bin size of 0.1.

FIG. 3. The dijet mass distribution for Φ after conventional
trimming. The intrinsic mass width of the resonance is assumed
to be very small and the width is almost exclusively from
underlying event contamination and detector resolution effects.
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So, the S=δB ratios are a function of three quantities.

Owing to the square root, the quantity
ffiffiffiffiffiffi
BT

BQT

q
is close to

unity in most of the relevant cases (see Table I). Therefore,
most of the interesting variations are from the other two
competing terms. A part of the contribution is from
improvement in SQT=ST, and a part is from the improve-

ment in the ðδBQT=
ffiffiffiffiffiffi
BQT

p

δBT=
ffiffiffiffi
BT

p Þ ratio. They are both decreasing,

with a decrease in the rigidity parameter, and there is an
interplay now between the two statistical contributions.
One observes the best improvement of about Oð25%Þ
for α ¼ 1.0.
Note that the scenario we have considered in analysis I is

relevant for any general dijet resonance searches, where the
individual daughter jets (JL and JNL) have no implicit mass
scales per se. In the next subsection we will consider a
general case where this is not so and investigate how similar
procedures affect signal-background separation and signal
significance.

B. Di-W� resonance search (analyses II, III and IV)

Consider the case of Qtrimming in the context of
discovering Φ in a di-W resonance search. As we pre-
viously mentioned, the concepts discussed in the di-W�
resonance context are also relevant to any search where the
daughter jets have an intrinsic mass scale: di-Z0, di-Higgs,
ditop resonances, etc. The conventional analysis remains
almost the same, as in analysis I, with the addition of
conventionalW-tagging, but based on how we construct the
Qtrimming event-tagging efficiencies, we will distinguish
three subclasses, which we shall call analyses II, III and IV.
Let us begin by defining the common aspects of the
analyses.

(i) Conventional analysis: As in the earlier analysis
we trim JL and JNL, using the optimized trimming
parameters (we call them JTL and JTNL as before).
We consider JTL and JTNL as W-tagged if the respec-
tive jet masses fall within the W-mass window:

mJTL
; mJTNL

∈ ΩW . ΩW is as defined in Sec. IV C.

The combination of the two W-tagged jets, JTΦ ≡
JTL ⊕ JTNL, is a provisional candidate for Φ. We
define JTΦ to be tagged, as a Φ-resonance, if it falls
within the Φ mass window ΩΦ (i.e. mJTΦ

∈ ΩΦ). For
such a tagged event, the corresponding conventional
tagging efficiency, τTJΦ−Φ, is of course 1. Let the full
event-tagging efficiency be now defined as

τT; II=III=IVevent ≡ τTJΦ−Φ × τTJL−W × τTJNL−W: ð5:8Þ

The conventional W-tagging efficiencies (τTJL−W
and τTJNL−W) are defined as

τTJL−W ¼
�
1 mJTL

∈ ΩW

0 Otherwise

τTJNL−W ¼
�
1 mJTNL

∈ ΩW

0 Otherwise
: ð5:9Þ

Their distributions are shown in Fig. 5 for QCD
dijet background (top panels, black) and diboson
signal (bottom panels, red) events. The left and right
panels correspond to the leading (JL) and next-
leading (JNL) jets respectively. In the conventional
case, the tagging efficiencies are binary for each
event and this is clear from the bimodal distribution
observed. The conventional Φ-tagging efficiency
distribution, τT; II=III=IVevent , is illustrated by the top
panels of Fig. 6, for QCD (top left) and signal
events (top right) respectively.

(ii) Qtrimming analysis: trim JL and JNL using the same
optimized trimming parameters, but using the algo-
rithm of Sec. IVA, again withNiter ¼ 100. In a given
run (say, kth) we again obtain two trimmed jets
(JkL and JkNL) and a candidate for Φ (the dijet
JkΦ ≡ JkL ⊕ JiNL). As explained before, we obtain
three sets ofNiter masses: fmJkL

g, fmJkNL
g and fmJkΦ

g.
Let us now differentiate three ways we may proceed

depending on how the stochastic event-tagging efficiencies
may be constructed. The idea will be to progressively
include more information from Qtrimming as we proceed
from one analysis to the other.

1. Analysis II

One choice is to define the stochastic event-tagging
probability as

τQT;IIevent ≡ τQTJΦ−Φ × τTJL−W × τTJNL−W: ð5:10Þ

Here, τQTJΦ−Φ is defined as in Eq. (5.5) and τTJL−W × τTJNL−W
are the products of the conventionalW-tagging efficiencies

TABLE I. Results for analysis I, relevant to diquark/digluon
resonance searches, for various values of the rigidity parameter α.
Here, as mentioned before, we have taken hNPUi ¼ 40 for the
comparison. T and QT superscripts refer to the conventional and
Qtrimming cases in analysis I, respectively. The gains from
statistical robustness is exemplified by the fact that one obtains an
S=δB ratio greater than unity for various rigidity parameter
choices.

α SQT=ST BQT=BT
ðδB= ffiffiffi

B
p ÞQT

ðδB= ffiffiffi
B

p ÞT
ðS=BÞQT
ðS=BÞT

ðS=δBÞQT
ðS=δBÞT

10.0 1.12 1.07 0.93 1.04 1.16
1.0 1.10 1.07 0.85 1.02 1.24
0.1 0.78 0.88 0.79 0.89 1.05
0.01 0.37 0.56 0.78 0.66 0.63
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(see Fig. 5). Note that this choice incorporates informa-
tion only from conventional W-tagging (τTJL−W and
τTJNL−W) along with the Qtrimming Φ-tagging efficiency

(τQTJΦ−Φ)—in this sense it is the simplest way to incor-
porate some minimal information from Qtrimming,
while using a W-tag requirement on the daughter jets.
The respective event-tagging efficiency distributions are
displayed in Fig. 6 (bottom panels). Iterating over all the
events, the various quantities may again be computed,
and the final results are displayed in Table II. The
general trends are again very similar to those discussed
in Table I. As α is reduced from values corresponding

to the conventional limit (α → ∞), the binomial-like
tagging efficiency distribution again spreads out corre-
sponding to various interpretations. The trends in signal
and background are again slightly different owing to the
nature of their dijet and jet mass distributions near ΩΦ
and ΩW .
With the addition of conventional W-tagging, one

observes improvements in δNtag=
ffiffiffiffiffiffiffiffi
Ntag

p
and S=δB for

the Qtrimming case here. The improvement in S=δB with
respect to the conventional case is again from an interplay
between improvements in SQT=ST and δB=

ffiffiffiffi
B

p
ratios. The

highest gain in S=δB, with the addition of conventional

FIG. 6. The QCD background (left panels, black) and diboson signal (right panels, red) event efficiencies for analysis II (τIIevent). The
top panels are for the conventional case, as defined by Eq. (5.8), and the bottom ones for the stochastic case, as defined by Eq. (5.10).
The stochastic case is for α ¼ 1.0 and being PDFs the figures are area normalized as before.

FIG. 5. The bimodal, conventional W-tagging efficiency distributions for background (top, black) and signal (bottom, red) for the
leading jet JL (left) and next-leading jet JNL (right).

TUHIN S. ROY and ARUN M. THALAPILLIL PHYSICAL REVIEW D 95, 075002 (2017)

075002-12



W-tagging to Qtrimming Φ-tagging efficiency, is of the
order of 20%, for α ¼ 1.0.

2. Analysis III

Let us proceed by incorporating more information
from Qjets. In keeping with this perspective, let use now
use information from Qtrimming in W-tagging as well.
Define the probabilities for W-tagging JL and JNL, after
Qtrimming, as

τQTJL−W ≡ 1

Niter

XNiter

k¼1

�
1 mJkL

∈ ΩW

0 mJkL
∉ ΩW

τQTJNL−W ≡ 1

Niter

XNiter

i¼1

� 1 mJkNL
∈ ΩW

0 mJkNL
∉ ΩW

: ð5:11Þ

The stochastic W-tagging distributions are as shown in
Fig. 7, for the leading and next-leading jet. The figure is
shown as before for α ¼ 1.0 and hNPUi ¼ 40, with area
normalization. The distribution is markedly different from
the bimodal distribution of Fig. 5 for conventional
W-tagging. For different choices of α there is now a
nontrivial behavior in various interpretations leaking in
to or out of the ΩW mass window.
Using these definitions, a total event-tagging probability

pertinent to the present case may be defined as

τQT;IIIevent ≡ τQTJΦ−Φ × τQTJL−W × τQTJNL−W: ð5:12Þ

This event-tagging efficiency exhibits a distribution as
shown in Fig. 8. Note the drastic change in event-tagging

TABLE II. Results from analysis II, for hNPUi ¼ 40. The
analysis uses a combination of conventional W-tagging informa-
tion with Φ-tagging information, from Qtrimming, as quantified
in Eq. (5.5).

α SQT=ST BQT=BT
ðδB= ffiffiffi

B
p ÞQT

ðδB= ffiffiffi
B

p ÞT
ðS=BÞQT
ðS=BÞT

ðS=δBÞQT
ðS=δBÞT

10.0 1.06 1.07 0.92 1.04 1.16
1.0 1.03 1.07 0.84 0.96 1.19
0.1 0.77 0.87 0.78 0.89 1.06
0.01 0.39 0.54 0.77 0.72 0.69

FIG. 7. Stochastic W-tagging efficiencies, with α ¼ 1.0, for the leading (left panels) and next-leading jets (right panels) in QCD
background (top panels, black) and diboson signal events (bottom panels, red).

FIG. 8. The α ¼ 1.0, stochastic event-tagging efficiency distribution τQT;IIIevent for QCD background (left panels, black) and diboson
signal (right panels, red). These are also incorporating information from stochastic W-tagging as expositioned in Eq. (5.12).
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efficiencies between Figs. 6 and 8. Incorporating the
stochastic W-tagging efficiency with the Qtrimming
Φ-tagging efficiency has improved overall signal-event
tagging relative to background, compared to the previous
analysis, and yields better statistical stability for δB=

ffiffiffiffi
B

p
.

The computed results are shown in Table III. The
results represent the maximum gain one can obtain
utilizing only Qjet statistics (i.e. without using any
information from volatility variables). The statistical
robustness as quantified by δNtag=

ffiffiffiffiffiffiffiffiffi
Ntag

p
is also improved

compared to analysis II (Table II). The relative gain in
signal significance is found to be as much as 70% for a
value of α ¼ 1.0.

3. Analysis IV

Finally, let us include both tagging and mass-volatility
information furnished by Qtrimming. This case will re-
present the use of a maximal set of information, provided
by Qtrimming, in the context of our specific methodology.
Unlike a diquark or digluon resonance case, where the
daughter jets have no implicit mass scales and mass
volatility is not useful, here it is useful for tagging W�
bosons.
Motivated by the presence of an implicit mass scale, let

us define the event-tagging efficiency in this case to be

τQT;IVevent ≡ τQTJΦ−Φ × τQTJL−W × τQTJNL−W

×

�
1 VJL

m and VJNL
m < Vcut

m

0 Otherwise
; ð5:13Þ

thereby including all the tagging information from
Qtrimming as well as the mass-volatility information of
JL and JNL. The mass volatility Vm is as defined in
Eq. (3.13). In this case the pure tagging efficiencies are
similar to the distributions in Fig. 8, with an added cut on
the mass volatilities of the leading and next-leading jets.
The volatility cut preferentially selectsW-like jets, which

have an intrinsic mass scale. The mass-volatility distribu-
tions for the signal and QCD jets are as shown in Fig. 9 for
comparison, with hNPUi ¼ 40 and for various values of the

TABLE III. Results for analysis III. The analysis utilizes
tagging probabilities for JΦ, JL and JNL from Qtrimming. The
results represent the best possible gains that may be obtained
solely from the statistical robustness provided by Qtrimming.
Enhanced statistical robustness compared to analysis I (Table I)
and analysis II (Table II) as well as significant gains in S=δB are
observed.

α SQT=ST BQT=BT
ðδB= ffiffiffi

B
p ÞQT

ðδB= ffiffiffi
B

p ÞT
ðS=BÞQT
ðS=BÞT

ðS=δBÞQT
ðS=δBÞT

10.0 1.16 0.97 0.82 1.20 1.44
1.0 1.07 1.07 0.61 1.00 1.71
0.1 0.48 1.90 0.46 0.25 0.77
0.01 0.11 2.03 0.51 0.05 0.15

FIG. 9. Mass-volatility distributions for hadronically decaying, boosted W� jets and QCD jets, for various values of the rigidity
parameter α. As in all the analyses, we have assumed hNPUi ¼ 40. Observe that generically theW jets have a smaller mass volatility after
Qtrimming compared to QCD jets. Placing an additional cut with respect to the mass volatilities may be expected to therefore add to the
event-tagging efficiencies. This expectation is validated by Table IV.
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rigidity parameter α. Note from the figure that on average
the W jets have lower mass volatilities than QCD jets. The
final results for the S=B and S=δB ratios are shown in
Table IV for various choices of Vcut and α. The cuts may be
optimized in a realistic analysis. The various quantities
have been computed, as before, using the conventional and
stochastic event-tagging efficiencies defined by Eqs. (5.8)
and (5.13). For brevity, we have only shown the final results
for the signal-background separation and discovery poten-
tial ratios.
It is seen that with the inclusion of all the tagging and

mass-volatility information from Qtrimming, one obtains
drastic improvements in both signal-background separation
(namely, S=B) and discovery potential (namely, S=δB).
With the Vcut, in addition to the stochastic tagging
efficiencies, the number of signal events successfully
tagged relative to background events increases signifi-
cantly. There is now an interplay here between the nature
of the dijet/jet mass distributions near the relevant mass
windows as well as the presence or absence of an intrinsic
mass scale, depending on whether it is a W� jet or a QCD
jet. This is reflected in Table IV by the large ratios in S=B
compared to conventional event tagging. The discovery
potential S=δB also improves greatly compared to all the
previous analyses. This is again sourced by improvements
in SQT=ST and δB=

ffiffiffiffi
B

p
, though now from both Qjet

statistics and mass-volatility cuts.

VI. SUMMARY AND CONCLUSIONS

Jet trimming has already been shown to greatly improve
event reconstruction in hadron collisions by mitigating con-
tamination due initial-state radiation, multiple interactions,

and event pileup. On the other hand the Qjet paradigm is a
powerful technique to decrease random statistical variations
of observables, yielding large boosts in discovery potential.
It also provides new hitherto unavailable distributions that
may be used to further discriminate signal-like and back-
groundlike events.
In this work we considered a combination of the jet

grooming method of trimming in tandem with Qjets; the
subjets to be trimmed were constructed from the con-
stituents of the jet in a stochastic manner. We inves-
tigated the case of a heavy resonance decaying into
boosted, hadronically decaying W�. Various cases were
considered by progressively incorporating more infor-
mation from the stochastic approach. This enabled us to
consider various subtleties in how gains were obtained
and in smoothly interpolating between cases where the
improvements were purely from statistical robustness
and those where it was reinforced by volatility variable
discriminants.
In all cases it was shown that the discovery potentials

can be greatly increased through a combination of
trimming with Qjet methods. Although demonstrated
explicitly for a particular grooming method and event
topology, some of the general ideas in our exposition are
expected to have wide-reaching applicability. It would
also be interesting to perform a couple of studies that
were outside the scope of the current work. These include
a comprehensive study focused on the consequences
of varying some of the parameters over a range—for
instance, the resonance mass-width window—and also
comparing the tagging method discussed here for W�
with other taggers that are available currently (similar in
spirit to [48]). We hope to explore some of these
possibilities in a forthcoming work.
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TABLE IV. Results for analysis IV incorporating the full
tagging and mass-volatility information, from Qtrimming. Sub-
stantial gains are obtained in this case, as seen from the table, with
signal-background separation and discovery potentials enhanced
drastically in many cases. This validates the notion that Qtrim-
ming has the potential to improve and augment searches.

ðS=BÞQTV<Vcut
=ðS=BÞT ðS=δBÞQTV<Vcut

=ðS=δBÞT

α α

Vcut 10.0 1.0 0.1 0.01 10.0 1.0 0.1 0.01

0.50 1.20 1.00 0.26 0.05 1.44 1.71 0.77 0.15
0.25 1.22 1.12 0.36 0.06 1.45 1.74 0.83 0.15
0.10 1.49 2.67 5.82 1.87 1.51 2.12 1.62 0.57
0.09 1.57 3.28 7.82 3.17 1.52 2.20 1.49 0.59
0.08 1.65 4.22 9.96 8.41 1.53 2.30 1.16 0.80
0.07 1.78 5.51 16.9 8.96 1.55 2.35 1.00 0.55

AUGMENTING COLLIDER SEARCHES AND ENHANCING … PHYSICAL REVIEW D 95, 075002 (2017)

075002-15



[1] S. Chatrchyan et al. (CMS Collaboration), Observation of a
new boson at a mass of 125 GeV with the CMS experiment
at the LHC, Phys. Lett. B 716, 30 (2012).

[2] G. Aad et al. (ATLAS Collaboration), Observation of a new
particle in the search for the Standard Model Higgs boson
with the ATLAS detector at the LHC, Phys. Lett. B 716, 1
(2012).

[3] N. Craig, The state of supersymmetry after Run I of the
LHC, arXiv:1309.0528.

[4] A. Strumia, Interpreting the 750 GeV digamma excess: A
review, arXiv:1605.09401.

[5] V. Khachatryan et al. (CMS Collaboration), Search for
massive resonances in dijet systems containing jets tagged
as W or Z boson decays in pp collisions at

ffiffiffi
s

p ¼ 8 TeV,
J. High Energy Phys. 08 (2014) 173.

[6] G. Aad et al. (ATLAS Collaboration), Search for high-mass
diboson resonances with boson-tagged jets in proton-proton
collisions at

ffiffiffi
s

p ¼ 8 TeV with the ATLAS detector, J. High
Energy Phys. 12 (2015) 055.

[7] M. H. Seymour, Searches for new particles using cone and
cluster jet algorithms: A comparative study, Z. Phys. C 62,
127 (1994).

[8] J. Butterworth, J. R. Ellis, and A. Raklev, Reconstructing
sparticle mass spectra using hadronic decays, J. High
Energy Phys. 05 (2007) 033.

[9] G. Brooijmans, High pt hadronic top quark identification,
CERN Reports No. ATL-PHYS-CONF-2008-008 and
ATL-COM-PHYS-2008-001, 2008.

[10] J. M. Butterworth, A. R. Davison, M. Rubin, and G. P.
Salam, Jet Substructure as a New Higgs Search Channel
at the LHC, Phys. Rev. Lett. 100, 242001 (2008).

[11] J. M. Butterworth, J. R. Ellis, A. R. Raklev, and G. P. Salam,
Discovering Baryon-Number Violating Neutralino Decays
at the LHC, Phys. Rev. Lett. 103, 241803 (2009).

[12] D. E. Kaplan, K. Rehermann, M. D. Schwartz, and B.
Tweedie, Top Tagging: A Method for Identifying Boosted
Hadronically Decaying Top Quarks, Phys. Rev. Lett. 101,
142001 (2008).

[13] J. Thaler and L.-T. Wang, Strategies to identify boosted tops,
J. High Energy Phys. 07 (2008) 092.

[14] L. G. Almeida, S. J. Lee, G. Perez, G. F. Sterman, I. Sung,
and J. Virzi, Substructure of high-pT jets at the LHC, Phys.
Rev. D 79, 074017 (2009).

[15] J. M. Butterworth, A. R. Davison, M. Rubin, and G. P.
Salam, Jet substructure as a new Higgs search channel at
the LHC, AIP Conf. Proc. 1078, 189 (2009).

[16] J. M. Butterworth, A. R. Davison, M. Rubin, and G. P.
Salam, Jet substructure as a new Higgs search channel at
the LHC, arXiv:0810.0409.

[17] T. Plehn, G. P. Salam, and M. Spannowsky, Fat Jets for a
Light Higgs, Phys. Rev. Lett. 104, 111801 (2010).

[18] S. D. Ellis, C. K. Vermilion, and J. R. Walsh, Techniques for
improved heavy particle searches with jet substructure,
Phys. Rev. D 80, 051501 (2009).

[19] S. D. Ellis, C. K. Vermilion, and J. R. Walsh, Recombination
algorithms and jet substructure: Pruning as a tool for heavy
particle searches, Phys. Rev. D 81, 094023 (2010).

[20] D. Krohn, J. Thaler, and L.-T. Wang, Jet trimming, J. High
Energy Phys. 02 (2010) 084.

[21] J. Thaler and K. Van Tilburg, Identifying boosted objects
with N-subjettiness, J. High Energy Phys. 03 (2011) 015.

[22] J. Gallicchio and M. D. Schwartz, Seeing in Color: Jet
Superstructure, Phys. Rev. Lett. 105, 022001 (2010).

[23] D. E. Soper and M. Spannowsky, Finding physics signals
with shower deconstruction, Phys. Rev. D 84, 074002 (2011).

[24] J. Fan, D. Krohn, P. Mosteiro, A. M. Thalapillil, and L. T.
Wang, Heavy squarks at the LHC, J. High Energy Phys. 03
(2011) 077.

[25] C. Englert, T. S. Roy, and M. Spannowsky, Ditau jets in
Higgs searches, Phys. Rev. D 84, 075026 (2011).

[26] J. Thaler and K. Van Tilburg, Maximizing boosted top
identification by minimizing N-subjettiness, J. High Energy
Phys. 02 (2012) 093.

[27] T. Plehn and M. Spannowsky, Top tagging, J. Phys. G 39,
083001 (2012).

[28] M. Jankowiak and A. J. Larkoski, Jet substructure without
trees, J. High Energy Phys. 06 (2011) 057.

[29] J. Gallicchio and M. D. Schwartz, Pure samples of quark
and gluon jets at the LHC, J. High Energy Phys. 10 (2011)
103.

[30] J. Gallicchio andM. D. Schwartz, Quark and Gluon Tagging
at the LHC, Phys. Rev. Lett. 107, 172001 (2011).

[31] S. D. Ellis, T. S. Roy, and J. Scholtz, Jets and Photons, Phys.
Rev. Lett. 110, 122003 (2013).

[32] S. D. Ellis, T. S. Roy, and J. Scholtz, Phenomenology of
photon-jets, Phys. Rev. D 87, 014015 (2013).

[33] D. E. Soper and M. Spannowsky, Finding top quarks with
shower deconstruction, Phys. Rev. D 87, 054012 (2013).

[34] J. Gallicchio and M. D. Schwartz, Quark and gluon jet
substructure, J. High Energy Phys. 04 (2013) 090.

[35] D. Krohn, T. Lin, M. D. Schwartz, and W. J. Waalewijn, Jet
Charge at the LHC, Phys. Rev. Lett. 110, 212001 (2013).

[36] G. Soyez, G. P. Salam, J. Kim, S. Dutta, and M. Cacciari,
Pileup Subtraction for Jet Shapes, Phys. Rev. Lett. 110,
162001 (2013).

[37] S. D. Ellis, A. Hornig, T. S. Roy, D. Krohn, and M. D.
Schwartz, Qjets: A Nondeterministic Approach to Tree-
Based Jet Substructure, Phys. Rev. Lett. 108, 182003 (2012).

[38] A. J. Larkoski, G. P. Salam, and J. Thaler, Energy correla-
tion functions for jet substructure, J. High Energy Phys. 06
(2013) 108.

[39] A. J. Larkoski, I. Moult, and D. Neill, Power counting to
better jet observables, J. High Energy Phys. 12 (2014) 009.

[40] N. G. Ortiz, J. Ferrando, D. Kar, and M. Spannowsky,
Reconstructing singly produced top partners in decays to
Wb, Phys. Rev. D 90, 124058 (2014).

[41] M. Cacciari, G. P. Salam, and G. Soyez, On the use of
charged-track information to subtract neutral pileup, Phys.
Rev. D 92, 014003 (2015).

[42] M. Cacciari, G. P. Salam, and G. Soyez, SoftKiller, a
particle-level pileup removal method, Eur. Phys. J. C 75,
59 (2015).

[43] D. Bertolini, P. Harris, M. Low, and N. Tran, Pileup per
particle identification, J. High Energy Phys. 10 (2014) 059.

[44] S. D. Ellis, A. Hornig, D. Krohn, and T. S. Roy, On statistical
aspects of Qjets, J. High Energy Phys. 01 (2015) 022.

[45] K. Pedersen and Z. Sullivan, μx boosted-bottom-jet tagging
and Z boson searches, Phys. Rev. D 93, 014014 (2016).

TUHIN S. ROY and ARUN M. THALAPILLIL PHYSICAL REVIEW D 95, 075002 (2017)

075002-16

https://doi.org/10.1016/j.physletb.2012.08.021
https://doi.org/10.1016/j.physletb.2012.08.020
https://doi.org/10.1016/j.physletb.2012.08.020
http://arXiv.org/abs/1309.0528
http://arXiv.org/abs/1605.09401
https://doi.org/10.1007/JHEP08(2014)173
https://doi.org/10.1007/JHEP12(2015)055
https://doi.org/10.1007/JHEP12(2015)055
https://doi.org/10.1007/BF01559532
https://doi.org/10.1007/BF01559532
https://doi.org/10.1088/1126-6708/2007/05/033
https://doi.org/10.1088/1126-6708/2007/05/033
https://doi.org/10.1103/PhysRevLett.100.242001
https://doi.org/10.1103/PhysRevLett.103.241803
https://doi.org/10.1103/PhysRevLett.101.142001
https://doi.org/10.1103/PhysRevLett.101.142001
https://doi.org/10.1088/1126-6708/2008/07/092
https://doi.org/10.1103/PhysRevD.79.074017
https://doi.org/10.1103/PhysRevD.79.074017
https://doi.org/10.1103/PhysRevLett.100.242001
http://arXiv.org/abs/0810.0409
https://doi.org/10.1103/PhysRevLett.104.111801
https://doi.org/10.1103/PhysRevD.80.051501
https://doi.org/10.1103/PhysRevD.81.094023
https://doi.org/10.1007/JHEP02(2010)084
https://doi.org/10.1007/JHEP02(2010)084
https://doi.org/10.1007/JHEP03(2011)015
https://doi.org/10.1103/PhysRevLett.105.022001
https://doi.org/10.1103/PhysRevD.84.074002
https://doi.org/10.1007/JHEP03(2011)077
https://doi.org/10.1007/JHEP03(2011)077
https://doi.org/10.1103/PhysRevD.84.075026
https://doi.org/10.1007/JHEP02(2012)093
https://doi.org/10.1007/JHEP02(2012)093
https://doi.org/10.1088/0954-3899/39/8/083001
https://doi.org/10.1088/0954-3899/39/8/083001
https://doi.org/10.1007/JHEP06(2011)057
https://doi.org/10.1007/JHEP10(2011)103
https://doi.org/10.1007/JHEP10(2011)103
https://doi.org/10.1103/PhysRevLett.107.172001
https://doi.org/10.1103/PhysRevLett.110.122003
https://doi.org/10.1103/PhysRevLett.110.122003
https://doi.org/10.1103/PhysRevD.87.014015
https://doi.org/10.1103/PhysRevD.87.054012
https://doi.org/10.1007/JHEP04(2013)090
https://doi.org/10.1103/PhysRevLett.110.212001
https://doi.org/10.1103/PhysRevLett.110.162001
https://doi.org/10.1103/PhysRevLett.110.162001
https://doi.org/10.1103/PhysRevLett.108.182003
https://doi.org/10.1007/JHEP06(2013)108
https://doi.org/10.1007/JHEP06(2013)108
https://doi.org/10.1007/JHEP12(2014)009
https://doi.org/10.1103/PhysRevD.90.124058
https://doi.org/10.1103/PhysRevD.92.014003
https://doi.org/10.1103/PhysRevD.92.014003
https://doi.org/10.1140/epjc/s10052-015-3267-2
https://doi.org/10.1140/epjc/s10052-015-3267-2
https://doi.org/10.1007/JHEP10(2014)059
https://doi.org/10.1007/JHEP01(2015)022
https://doi.org/10.1103/PhysRevD.93.014014


[46] K. Pedersen and Z. Sullivan, inMeeting of the APS Division
of Particles and Fields (DPF 2015), Ann Arbor, Michigan,
USA, 2015, https://indico.cern.ch/event/361123/.

[47] C. Frye, A. J. Larkoski, M. D. Schwartz, and K. Yan,
Precision physics with pile-up insensitive observables,
arXiv:1603.06375.

[48] D. Adams et al., Towards an understanding of the corre-
lations in jet substructure, Eur. Phys. J. C 75, 409 (2015).

[49] S. Chatrchyan et al. (CMS Collaboration), Studies of jet
mass in dijet andW=Z þ jet events, J. High Energy Phys. 05
(2013) 090.

[50] P. Lenzi (CMS Collaboration), Jet physics measurements at
CMS, Proc. Sci., DIS2013 (2013) 146.

[51] O. Gueta (ATLAS Collaboration), Studies of jet shapes and
substructure with ATLAS, Proc. Sci., DIS2013 (2013) 138.

[52] P. Loch (ATLAS Collaboration), Studies of jet shapes and
jet substructure in proton-proton collisions at

ffiffiffi
s

p ¼ 7 TeV
with ATLAS, Proc. Sci., EPS-HEP2013 (2013) 442.

[53] CMS Collaboration, Report No. CMS-PAS-EXO-12-059.
[54] G. Aad et al. (ATLAS Collaboration), Performance of jet

substructure techniques for large-R jets in proton-proton
collisions at

ffiffiffi
s

p ¼ 7 TeV using the ATLAS detector,
J. High Energy Phys. 09 (2013) 076.

[55] ATLASCollaboration, Report No. ATLAS-CONF-2013-085.
[56] D. Kahawala, D. Krohn, and M. D. Schwartz, Jet sampling:

Improving event reconstruction through multiple interpre-
tations, J. High Energy Phys. 06 (2013) 006.

[57] Y. T. Chien, Telescoping jets: Probing hadronic event
structure with multiple R’s, Phys. Rev. D 90, 054008 (2014).

[58] Y. T. Chien, D. Farhi, D. Krohn, A. Marantan, D. L. Mateos,
and M. Schwartz, Quantifying the power of multiple event
interpretations, J. High Energy Phys. 12 (2014) 140.

[59] ATLASCollaboration, Report No. ATLAS-CONF-2013-087.
[60] CMS Collaboration, Report No. CMS-PAS-JME-13-006.
[61] V. Khachatryan et al. (CMS Collaboration), Identification

techniques for highly boosted W bosons that decay into
hadrons, J. High Energy Phys. 12 (2014) 017.

[62] CMS Collaboration, Report No. CMS-PAS-JME-14-002.
[63] G. F. Sterman and S. Weinberg, Jets from Quantum

Chromodynamics, Phys. Rev. Lett. 39, 1436 (1977).

[64] S. D. Ellis, J. Huston, K. Hatakeyama, P. Loch, and M.
Tonnesmann, Jets in hadron-hadron collisions, Prog. Part.
Nucl. Phys. 60, 484 (2008).

[65] G. P. Salam, Towards jetography, Eur. Phys. J. C 67, 637
(2010).

[66] S. Catani, Y. L. Dokshitzer, M. H. Seymour, and B. R.
Webber, Longitudinally invariant K(t) clustering algorithms
for hadron hadron collisions, Nucl. Phys. B406, 187 (1993).

[67] S. D. Ellis and D. E. Soper, Successive combination jet
algorithm for hadron collisions, Phys. Rev. D 48, 3160 (1993).

[68] Y. L. Dokshitzer, G. D. Leder, S. Moretti, and B. R. Webber,
Better jet clustering algorithms, J. High Energy Phys. 08
(1997) 001.

[69] M. Wobisch and T. Wengler, Hadronization corrections to
jet cross sections in deep-inelastic scattering, arXiv:hep-ph/
9907280.

[70] M. Cacciari, G. P. Salam, and G. Soyez, The anti-kt jet
clustering algorithm, J. High Energy Phys. 04 (2008) 063.

[71] M. Cacciari and G. P. Salam, Pileup subtraction using jet
areas, Phys. Lett. B 659, 119 (2008).

[72] M. Cacciari, G. P. Salam, and G. Soyez, The catchment area
of jets, J. High Energy Phys. 04 (2008) 005.

[73] D. Krohn, M. D. Schwartz, M. Low, and L. T. Wang, Jet
cleansing: Pileup removal at high luminosity, Phys. Rev. D
90, 065020 (2014).

[74] A. J. Larkoski, S. Marzani, G. Soyez, and J. Thaler, Soft
drop, J. High Energy Phys. 05 (2014) 146.

[75] T. Sjöstrand, S. Ask, J. R. Christiansen, R. Corke, N. Desai,
P. Ilten, S. Mrenna, S. Prestel, C. O. Rasmussen, and P. Z.
Skands, An Introduction to PYTHIA 8.2, Comput. Phys.
Commun. 191, 159 (2015).

[76] J. de Favereau, C. Delaere, P. Demin, A. Giammanco, V.
Lemaître, A. Mertens, and M. Selvaggi (DELPHES 3
Collaboration), DELPHES 3, A modular framework for
fast simulation of a generic collider experiment, J. High
Energy Phys. 02 (2014) 057.

[77] M. Cacciari, G. P. Salam, and G. Soyez, FastJet user manual,
Eur. Phys. J. C 72, 1896 (2012).

[78] M. Cacciari and G. P. Salam, Dispelling the N3 myth for the
kt jet-finder, Phys. Lett. B 641, 57 (2006).

AUGMENTING COLLIDER SEARCHES AND ENHANCING … PHYSICAL REVIEW D 95, 075002 (2017)

075002-17

https://indico.cern.ch/event/361123/
https://indico.cern.ch/event/361123/
https://indico.cern.ch/event/361123/
http://arXiv.org/abs/1603.06375
https://doi.org/10.1140/epjc/s10052-015-3587-2
https://doi.org/10.1007/JHEP05(2013)090
https://doi.org/10.1007/JHEP05(2013)090
https://doi.org/10.1007/JHEP09(2013)076
https://doi.org/10.1007/JHEP06(2013)006
https://doi.org/10.1103/PhysRevD.90.054008
https://doi.org/10.1007/JHEP12(2014)140
https://doi.org/10.1007/JHEP12(2014)017
https://doi.org/10.1103/PhysRevLett.39.1436
https://doi.org/10.1016/j.ppnp.2007.12.002
https://doi.org/10.1016/j.ppnp.2007.12.002
https://doi.org/10.1140/epjc/s10052-010-1314-6
https://doi.org/10.1140/epjc/s10052-010-1314-6
https://doi.org/10.1016/0550-3213(93)90166-M
https://doi.org/10.1103/PhysRevD.48.3160
https://doi.org/10.1088/1126-6708/1997/08/001
https://doi.org/10.1088/1126-6708/1997/08/001
http://arXiv.org/abs/hep-ph/9907280
http://arXiv.org/abs/hep-ph/9907280
https://doi.org/10.1088/1126-6708/2008/04/063
https://doi.org/10.1016/j.physletb.2007.09.077
https://doi.org/10.1088/1126-6708/2008/04/005
https://doi.org/10.1103/PhysRevD.90.065020
https://doi.org/10.1103/PhysRevD.90.065020
https://doi.org/10.1007/JHEP05(2014)146
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1016/j.cpc.2015.01.024
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1007/JHEP02(2014)057
https://doi.org/10.1140/epjc/s10052-012-1896-2
https://doi.org/10.1016/j.physletb.2006.08.037

