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1 Introduction
The LHC probes a new energy regime in particle physics, where searches for new physics at
high mass often involve very high transverse momentum (pT) objects. In final states involving
gauge bosons, W± and Z, or the Higgs boson, it is possible to improve the signal efficiency
by using the hadronic decay modes. The hadronic decay products of very high pT objects are
often merged into a single jet and traditional dijet searches cannot be performed. In this case,
jet substructure techniques are used for identifying single jets that have originated from highly
boosted, hadronically decaying bosons and distinguishing them from the usual quark- and
gluon-initiated ”QCD” jets.

Various searches in CMS have employed jet substructure techniques for identifying (”tagging”)
merged W and Z bosons. These include searches with merged W bosons in hadronically decay-
ing tt̄ final states [1], single and pair produced merged V=W, Z bosons in the dijet final state [2],
and searches in the VV final state, where one of the vector bosons decays leptonically [3, 4]. In
these searches, various observables have been used for identifying merged vector bosons.

In this study, we investigate the performance of jet substructure observables that are used for
identifying merged W bosons, so-called ”W-jets”. We compare these observables in different
kinematic regimes and examine various effects contributing to their performance. We compare
distributions of these variables in data to different simulation models. Then we discuss the
methods for extracting tagging efficiencies as well as data-to-simulation scale factors. We note
that many of the techniques and methods described for identifying W-jets are directly applica-
ble to highly boosted hadronically decaying Z or Higgs bosons as well.

In Sec. 3, we discuss the data and simulated samples used in this study. In Sec. 4, the recon-
struction methods, jet reconstruction inputs, and jet clustering algorithms are introduced and
the event selection is described. In Sec. 5, we discuss the performance of various substructure
variables for different signal benchmarks and different kinematic regimes. We compare differ-
ent observables and identify the most performant ones. In Sec. 6, we compare the substructure
observables in data and simulation in dijet, W+jet and tt̄ samples. In Sec. 7, efficiencies and
mistag rates are computed in dijet and tt̄ data samples. In Sec. 8, we summarize our results
from this study.

2 CMS detector
The central feature of the CMS detector is a 3.8 T superconducting solenoid of 6 m internal
diameter. Within the field volume are the silicon tracker, the crystal electromagnetic calorimeter
(ECAL), and the brass-scintillator hadron calorimeter (HCAL). The muon system is installed
outside the solenoid and embedded in the steel return yoke. The CMS tracker consists of 1440
silicon pixel and 15 148 silicon strip detector modules. The ECAL consists of nearly 76 000
lead tungstate crystals, which provide coverage in pseudorapidity |η| < 1.479 in the central
barrel region and 1.479 < |η| < 3.0 in the two forward endcap regions. The HCAL consists
of a sampling calorimeter which utilizes alternating layers of brass or steel as absorber and
plastic scintillator as active material. The muon system includes barrel drift tubes covering the
pseudorapidity range |η| < 1.2, endcap cathode strip chambers (0.9 < |η| < 2.5), and resistive
plate chambers (|η| < 1.6). A detailed description of the CMS detector can be found in Ref. [5].
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3 Data and simulated samples
In this study, we aim to distinguish W-jets from quark- and gluon-initiated jets, which we refer
to as QCD jets. We consider a number of topologies for this study in order to understand W-jet
identification in a broad phase space and provide input for a large class of physics analyses. The
W+jets topology, where the W decays leptonically, is considered a benchmark process where
many baseline comparisons are made. Additionally, the dijet topology is considered in order
to make comparisons in the high pT regime. Finally, we consider a semileptonic tt̄-enriched
sample, which provides a source of W-jets in data.

The data sample for this analysis was recorded by the CMS detector in 2012 at a center-of-mass
energy of 8 TeV and corresponds to an integrated luminosity of approximately 19.6 fb−1.

We define benchmark signal samples which are required to decay into the WW final state and
which we consider as the source of W-jets. We consider as the default signal sample a resonance
decaying to a pair of longitudinally polarized W bosons. The samples are produced consider-
ing either a warped extra-dimensional model, where the Standard Model (SM) fields propagate
in the bulk [6–8], or the SM Higgs boson. Bulk graviton samples are produced with the JHU
GENERATOR [9, 10] interfaced with PYTHIA 6.426 [11] for the showering. SM Higgs samples
are produced with POWHEG 1.0 [12–14] interfaced with PYTHIA6. To study the effect of W
polarization on substructure distributions we compare the SM Higgs-like couplings case with
a purely pseudoscalar Higgs case, which yields only transversely polarized W bosons. These
samples are produced with the JHU GENERATOR interfaced with PYTHIA6 with a resonance
width narrower than the experimental resolution. This is discussed more in Sec. 5.3.

The main background Monte Carlo (MC) simulation samples considered are QCD multijets,
W+jets, WW/WZ, Drell-Yan, tt̄, and single top. Three QCD samples are compared. One
is generated with MADGRAPH 5v1.3.30 [15] and showering and hadronization is done with
PYTHIA 6. For the second sample generation as well as showering is done with HERWIG++.
PYTHIA 6 uses the CTEQ61L [16] parton distribution function (PDF) set and HERWIG++ uses
MRST2001 [17]. Tune Z2* (identical to tune Z1 [18] except that Z2* uses the CTEQ6L PDF while
Z1 uses CTEQ5L) is used with PYTHIA 6, while the tune version 23 [19] is used with HERWIG++.
The third sample is generated with PYTHIA 8.153 [20] with Tune 4C. There are two W+jet sam-
ples with different parton shower models. One is generated with MADGRAPH interfaced with
PYTHIA 6. For the other sample generation as well as showering is done with HERWIG++. The
single top and tt̄ samples are simulated with POWHEG interfaced with PYTHIA6. An alterna-
tive tt̄ sample, generated with MC@NLO [21] and showered with HERWIG++, is also consid-
ered for systematic studies. The Z+jets channel is simulated with MADGRAPH interfaced with
PYTHIA 6. The diboson channels are simulated with PYTHIA6.

4 Event reconstruction
4.1 Physics objects

Jets are reconstructed by clustering the set of objects reconstructed by the particle flow algo-
rithm [22–24] (PF candidates). Two collections of jets are used in this analysis: jets recon-
structed with the anti-kT algorithm [25] of radius R=0.5 (AK5) and jets reconstructed with the
Cambridge-Aachen algorithm [26, 27] of radius R=0.8 (CA8), as implemented in FastJet version
3.0.1 [28]. In this analysis, CA8 jets are used as the default jets for identifying merged W bosons
because of the increased acceptance for moderately boosted signal W-jets. AK5 jets are used
for some supporting selection criteria, e.g., the number of additional jets that originate from a
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b quark.

In order to mitigate the effect of multiple interactions occurring in the same bunch crossing,
so called pileup (PU) interactions, which lead to events in which particles from multiple inter-
actions overlap, the PF candidates are cleaned of charged hadrons which are not associated to
the primary vertex. An event-by-event jet-area-based correction [29–31] is applied to remove
the remaining pileup energy that is due to neutral particles originating from the other ver-
tices. While the PF candidates are calibrated before jet clustering, the resulting jets require an
additional small correction that accounts for tracking inefficiencies and threshold effects.

In this analysis we use jets with pT > 30 GeV. We require |η| < 2.4 so that the jets fall within
the tracker acceptance. All jet substructure observables are computed using the PF candidates
clustered within a jet.

An accurate Emiss
T measurement is essential for distinguishing the semileptonic W+jet sample

from QCD backgrounds. The Emiss
T is computed from the negative of the vector sum of all PF

candidates.

Electrons are reconstructed in CMS using a Gaussian-Sum-Filter algorithm (GSF); in addition it
is required that each GSF electron must pass the identification and isolation criteria optimized
for high pT electrons [32]. Electrons are required to lie in |η| < 2.5 and tight electrons have pT >
90 GeV, while loose electrons have pT > 35 GeV, where the only distinction is the pT requirement.
Loose electrons are used to veto the presence of any additional isolated leptons in the event.

Muons are reconstructed by tracker and global algorithms [33]: one proceeds from the inner
tracker outwards, the other one starts from tracks measured in the muon chambers and matches
them with the ones reconstructed in the silicon tracker. Muons are identified using the high-pT
selection. The selected muon candidates also have to be isolated from charged hadron activity
in the detector, requiring that the sum of tracks transverse momentum (Itk) within a cone of
∆R = 0.3 around the muon track, relative to the muon pT, should be Itk/pT < 0.1. We define a
tight muon as a muon with pT > 50 GeV and |η| < 2.1, while a loose muon has pT > 20 GeV and
|η| < 2.4.

4.2 Event-level requirements

Three different event topologies, namely dijet, W+jet, where the W decays leptonically, and tt̄,
are analyzed in this study. The tt̄ sample is used to study the efficiency of W-tagging, while the
dijet sample is used to study the fake rate of W-tagging. Both the W+jet and dijet samples are
used to study the discrimination power of different W-tagging algorithms.

The dijet and W+jet topologies are chosen to be in the kinematic regime typically considered
in searches for new physics [2, 4]. The W+jet sample accesses the low pT regime, while the
dijet sample reaches to higher pT, and therefore both samples are explored. In both the dijet
and W+jet topologies, we make some basic kinematic selections in order to identify a sample
of high pT jets and we study the highest pT jet in the event. Then we define bins of jet pT
where comparisons can be performed and the signal resonance mass is defined accordingly, as
follows:

• W+jet topology: jet pT = 250-350 GeV⇔ mresonance = 600 TeV

• dijet topology: jet pT = 400-600 GeV⇔ mresonance = 1 TeV

• dijet topology: jet pT = 1.1-1.4 TeV⇔ mresonance = 2.5 TeV

We choose the corresponding signal samples such that the pT distribution in these bins are
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similar between signal and background. In the W+jets case, we predominantly consider the
muon channel (W→ µν) although all qualitative conclusions for the muon channel are similar
for electrons. The electron channel is only used to increase statistics when considering the
top-enriched control sample.

4.2.1 Dijet selection

The dijet sample is collected using the logical “or” of a set of triggers based on requirements
on HT = ∑jets pT (pT is the transverse momentum of a jet) and the invariant mass of the two
highest pT jets in an event. The event selection follows closely the resonance search in Ref [2].
Events are initially selected by requiring at least two jets with pT > 30 GeV and |η| < 2.4. The
two highest-pT jets are required to have a pseudorapidity separation |∆η| < 1.3, which rejects
a large fraction of QCD multijet background in view of a resonance search. Finally, the dijet
invariant mass is required to be larger than 890 GeV. This threshold is defined by the triggers,
which were found to be 99% efficient for events with dijet masses above this threshold. W-
tagging is studied using the leading jet in the selected dijet events with additional requirements
on the jet pT. Two pT bins are studied in this paper: 400 < pT < 600 GeV, 1.1 < pT < 1.4 TeV.

4.2.2 W+jet selection

The main goal of the kinematic selection for the W+jet sample is to isolate a highly boosted
topology which is consistent with the W+hard recoil jet system. The W+jet sample, as well as
the tt̄ sample discussed below, is collected using single lepton triggers. The pT thresholds of
these triggers are 24 and 27 GeV for the muon and electron channels, respectively. The pT of
the leptonic W and of the jet are required to be greater than 200 GeV. The Emiss

T is required to
be above 50 GeV (80 GeV) for the muon (electron) channel to suppress the contribution from
QCD. Events with additional loose electrons and muons are vetoed, in order to improve the
purity of W+jet events. Additional selection criteria are applied to ensure that the W bosons
are back-to-back in the transverse plane: the distance ∆R between the lepton and the jet must
be greater than π/2; the azimuthal distance ∆φ between the missing energy and the jet must
be greater than 2.0 radians; and the azimuthal distance ∆φ between Wlep and Whad must be
greater than 2.0 radians. Finally, we also apply cuts on additional jet activity in the event to
reduce the amount of tt̄ background, and the number of AK5 jets with a b-tag [34] that are not
matched with the CA8 jet in the event is required to be zero.

4.2.3 tt̄ selection

To select the tt̄ sample, we use the standard kinematic preselection cuts described above for the
W+jets topology, but invert the cut on the number of b-tagged AK5 jets that are not matched
with the CA8 jet, requiring that there is at least one AK5 b-jet. To increase the statistics, we
choose the CA8 jet with the highest mass in the opposite hemisphere of the lepton. This is
contrary to the W+jet selection which uses the high pT CA8 jet in the event. The cut on the
muon (electron) pT is 50 (90) GeV and the cut on the Emiss

T is 50 (80) GeV.

5 Algorithms for W-jet identification
In this section, we perform simulation-only studies of the various observables used in identi-
fying W-jets. First we define the observables under investigation. Then we study the effect of
pileup and reconstruction on these observables. We also look at the effect of the W polarization
on the observables as well as the different signatures of quark and gluon initiated jets. The be-
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havior at very high pT is also examined. Finally, performance comparisons of the observables
are made.

5.1 Substructure observables

The mass of a jet is the main observable in distinguishing a W-jet from a QCD jet. Further, the
use of a jet grooming method such as filtering [35], trimming [36], or pruning [37, 38] improves
discrimination by pushing the jet mass for QCD jets towards lower values, while maintaining
the jet mass for W-jets at the W-mass.

Studies of the grooming methods have been performed in [39]. The grooming parameters for
these methods were taken to be the default values proposed by the original authors. From these
studies, it was concluded that using the pruned jet mass provides the best signal to background
separation.

We reconstruct the jet mass using jet pruning, a technique which removes the softest com-
ponents of the jets. In the jet pruning technique a jet is reclustered using all the particles
used to build a CA8 jet, ignoring in each recombination step the softer “protojet” if the re-
combination is softer than a given threshold zcut = 0.1 and forms an angle ∆R wider than
Dcut = 0.5×morig/porig

T with respect to the previous recombination step, where morig and porig
T

are the mass and transverse momentum of the original CA8 jet. The hardness z of a recombi-
nation is defined as z = min(pi

T, pj
T)/pp

T, where pi
T and pj

T are the pT of the two protojets to be
combined and pp

T is the pT of the combination of the two protojets.

In addition to the pruned jet mass observable, we can use additional information about the jet
substructure in order to further discriminate W-jets from quark and gluon-initiated QCD jets.
In this study we consider the following observables:

• Mass drop, µ: Two subjets are obtained by undoing the last clustering iteration of
the pruned jet clustering to obtain the variables used in Ref. [40]. The ratio of masses
of the highest mass subjet (m1) and the total pruned jet is defined as the mass drop
µ = m1

mjet
.

• N-subjettiness, τN : N-subjettiness was introduced in Ref. [41] and is a generalized
jet shape observable. For N candidate subjets of a given jet, we can define the N-
subjettiness observables as:

τN =
1
d0

∑
k

pT,kmin{∆R1,k, ∆R2,k, · · · , ∆RN,k} (1)

where k runs over all constituent particles. The normalization factor is d0 = ∑k pT,kR0
and R0 is the original jet radius. The τN observable has a small value if the jet is con-
sistent with having N subjets. Thus, for boosted W identification, i.e. for discrimi-
nation of W-jets with 2 subjets and QCD jets consistent with 1 subjet, the ratio τ2/τ1
is of particular interest and tends to smaller values for signal W-jets. The subjet axes
can be optimized to minimize the N-subjettiness value. As a default definition for
the axes, we use a one step optimization of the exclusive kT axes.

• Qjet volatility, ΓQjet: Qjets was introduced in Ref. [42] as a statistical interpretation
of jet trees. A typical jet tree is defined by its cluster sequence; however, the jet can
be reinterpreted as a distribution of trees. The process for deriving a distribution of
trees is defined by: (1) at every state of clustering, assign a weight to each constituent
pair, wij and (2) generating a random number to choose the 2 → 1 clustering from
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the available pairs. The default weight is defined as:

wij = exp{−α
dij − dmin

dmin } (2)

where dij is the distance between the ij pair. As an example, for the kT algorithm,
dkT = min{p2

T,i, p2
T,j}∆R2

ij and for the CA algorithm, dCA = ∆R2
ij, where the CA

algorithm is the default. From this distribution of Ntrees, which we choose to be 50,
one can extract the Qjet volatility which is defined as the RMS of the distribution
over the average jet mass, ΓQjet = RMS/〈m〉. In order to improve the speed of
the algorithm while not degrading the performance greatly, before running the Qjet
clustering, we pre-cluster the jet constituents down to 35.

• Generalized energy correlation functions, Cβ
2 : Observables with n-point correla-

tion functions have been proposed in Ref. [43]. The 3-point correlation function is
particularly useful for W-tagging:

Cβ
2 =

∑i,j,k pTi pTj pTk(RijRikRjk)
β ∑i pTi

(∑i,j pTi pTj(Rij)β)2 (3)

• Jet charge, Qκ, The jet charge [44] is a measure of the electric charge of the particle
originating the jet. It is defined as:

Qκ =
∑i qi(pi

T)
κ

(pjet
T )κ

(4)

where i runs over all particles in a jet. It can be used to provide additional discrimi-
nation between quark jets and gluon jets or also to distinguish between, for example,
a charged W’ and a Z’ new physics signal.

5.2 Effect of pileup and detector effects

In order to understand the performance of jet substructure tagging algorithms with the CMS
detector at the LHC, two dominant effects have to be understood: first, particles from multiple
overlapping PU interactions and second, detector resolutions and efficiencies in reconstructing
the particles forming the jets.

In order to demonstrate how the observables defined above discriminate between W-jets and
QCD jets, we present them for simulated samples of boosted W bosons and QCD jets with
approximately the same transverse momentum and pseudo-rapidity distribution. For brevity,
the following distributions presented in this subsection are primarily for the W+jets topology,
where the dijet topology shows qualitatively similar results.

Figure 1 shows the pruned jet mass distribution. The sample of W-jets peaks at the W boson
mass, while the QCD jets peak at low jet masses as a result of the jet pruning. To discriminate
events with boosted W bosons from QCD jet background, one can select events falling in a
window around the W boson mass peak, as done in previously published searches [1, 2]. In
this study and unless otherwise indicated, we fix the jet mass window to be from 60-100 GeV.

Comparing the generator level predictions with the distributions after CMS simulation with
pileup, the convolution of both pileup and detector effects can be understood. For the pruned
jet mass, the CMS detector resolution and the simulation of pileup result in a broadening of
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the W boson mass peak and a slight shift to higher values. The pileup dependence, comparing
two scenarios with averages of 12 and 22 pileup interactions, is however very small due to the
application of the pruning algorithm.
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Figure 1: Pruned jet mass distribution in simulated samples of boosted W bosons and inclusive
QCD jets in the W+jet topology. MG denotes the MADGRAPH5 generator. Thick dashed lines
represent the generator predictions without pileup interactions and without CMS simulation.
The histograms are the distributions after CMS simulation with two different pileup scenarios
corresponding to an average number of interactions of 12 and 22.

Figure 2 (left) shows the mass drop variable. It peaks at low values for boosted W bosons, since
it represents the ratio of the pruned subjet mass coming from a quark with the much larger
W boson mass. For QCD jets it is distributed more evenly. Figure 2 (right) shows the mass
drop variable after cutting on the pruned jet mass. This figure demonstrates the additional
discrimination power the mass drop has uncorrelated with the pruned jet mass. It can clearly
be seen that the discrimination power is much reduced with respect to the left side of the figure,
due to a high correlation with the pruned jet mass, particularly for QCD jets.

Figure 3 shows the energy correlation functions. While the discrimination is very good at
generator level, it is much reduced with pileup and detector simulation. The generator level
distributions are highly distorted by pileup and reconstruction effects. We note that no pileup
correction scheme for jet shape variables, which may recover some of the discrimination power,
was applied.

In Fig. 4, the same distributions can be seen before (left) and after (right) a mass cut for the Qjet
volatility, ΓQjet. In general, signal jets have a smaller value of ΓQjet indicating a more stable jet
mass. Again the discrimination power is reduced after the mass cut.

Figure 5 shows the jet charge distribution for positively and negatively charged W bosons sep-
arately. It also includes the jet charge distribution of background QCD jets. We found that the
discrimination power between W+ and W− for different values of the jet charge κ value varies
by less than 10% based on the choice of κ value between 0.3 and 1.0.

For the N-subjettiness observable τ2/τ1 we consider 3 variants. The baseline variant is τ2/τ1
where the subjet axes are optimized in one pass. Then we consider the same quantity using
only the pruned jet constituents (pruned τ2/τ1). Finally we also consider the variant of τ2/τ1
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Figure 2: The mass drop distribution in simulated samples of boosted W bosons and inclu-
sive QCD jets before (left) and after (right) a cut on the pruned jet mass. MG denotes the
MADGRAPH5 generator. Thick dashed lines represent the generator predictions without pileup
interactions and without CMS simulation. The histograms are the distributions after CMS sim-
ulation with two different pileup scenarios corresponding to an average number of interactions
of 12 and 22.
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Figure 3: The Cβ
2 distribution in simulated samples of boosted W bosons and inclusive QCD

jets before (left) and after (right) a cut on the pruned jet mass. MG denotes the MADGRAPH5
generator. Thick dashed lines represent the generator predictions without pileup interactions
and without CMS simulation. The histograms are the distributions after CMS simulation with
two different pileup scenarios corresponding to an average number of interactions of 12 and
22.
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Figure 4: Qjet volatility, ΓQjet, distribution in simulated samples of boosted W bosons and in-
clusive QCD jets before (left) and after (right) a cut on the pruned jet mass. MG denotes the
MADGRAPH5 generator. Thick dashed lines represent the generator predictions without pileup
interactions and without CMS simulation. The histograms are the distributions after CMS sim-
ulation with two different pileup scenarios corresponding to an average number of interactions
of 12 and 22.
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Figure 5: The jet charge distribution in simulated samples of boosted W bosons and inclu-
sive QCD jets after a cut on the pruned jet mass. MG denotes the MADGRAPH5 generator.
Thick dashed lines represent the generator predictions without pileup interactions and without
CMS simulation. The histograms are the distributions after CMS simulation with two different
pileup scenarios corresponding to an average number of interactions of 12 and 22.

with the axes unoptimized (exclusive kT τ2/τ1). In Fig. 6, we show distributions of the N-
subjettiness observable τ2/τ1. On the top left, we see τ2/τ1 for the full mass range and we see
good discrimination between the signal and background. Then, on the top right of Fig. 6, the
discrimination power is further reduced when the mass cut is applied. The plots on the bottom
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Figure 6: N-subjettiness τ2/τ1 (top) and pruned τ2/τ1 (bottom) distribution in simulated sam-
ples of boosted W bosons and inclusive QCD jets before (left) and after (right) a cut on the
pruned jet mass. MG denotes the MADGRAPH5 generator. Thick dashed lines represent
the generator predictions without pileup interactions and without CMS simulation. The his-
tograms are the distributions after CMS simulation with two different pileup scenarios corre-
sponding to an average number of interactions of 12 and 22.

of Fig. 6 show pruned τ2/τ1 distribution before (after) a cut on the mass on the left (right). The
pruned τ2/τ1 distributions at generator level and including simulation and pileup are more
similar than the baseline τ2/τ1 case. Distributions of exclusive kT τ2/τ1 are not shown, but
performances of the 3 variants are compared in Sec. 5.6.

For τ2/τ1, generator level and simulation with PU disagree by a considerable amount. This
can be attributed to τ2/τ1 being applied to ungroomed jets and therefore more sensitive to PU
and τ2/τ1 being based on single particle properties. In order to disentangle the effect of pileup
and detector effects, a generator level study was performed. Figure 7 compares the number
of jet constituents distributions and τ2/τ1 at generator level, with additional PU interactions,
with additional PU interactions where charged particles from pileup are removed (CHS), and
at detector level with CMS simulation. The number of jet constituents distribution demon-
strates that the generator level prediction with additional PU interactions and CHS is a very
good approximation of the CMS simulation. Comparing the τ2/τ1 distribution at generator
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Figure 7: Number of jet constituents distributions and τ2/τ1 at generator level, with additional
PU interactions, with additional PU interactions where charged particles from pileup are re-
moved (CHS), and at detector level with CMS simulation.

level without and with PU+CHS, it is clear that a large fraction of the distortion of the τ2/τ1
distribution is coming from pileup. However, comparing the τ2/τ1 distribution at generator
level with PU+CHS and the CMS simulation, it is also clear that a remaining fraction of the
effect is coming from detector resolution and efficiencies.

5.3 Effect of W polarization

An additional effect which may influence the substructure distributions is the polarization of
the reconstructed W bosons. Further, the W polarization can also be used to identify the nature
of a possible new physics scenario, for example in studies of new WW resonances, high mass
tt̄ helicities, or WW scattering.

We study the effect of the W polarization by taking simulated samples of X → WW where the
W bosons are either purely longitudinally or transversely polarized. This is done generating a
spin-0 particle X →WW → `νqq̄′ with the JHU Generator [9, 10] in two scenarios:

• Only the tree-level SM Higgs coupling is non-zero: this results in purely longitudi-
nally polarized W bosons for high masses ∼400 GeV.

• Only the pure pseudoscalar coupling is non-zero: this results in purely transversely
polarized W bosons.

At parton level, where the quarks are treated as final state particles, we can compute the helicity
angle of the hadronic W, cos θJ , as defined in [10]. The distributions are presented on the left
side of Fig. 8.

After reconstruction, we would like to recover the W boson polarization in W-jets by using
the pruned subjets as a proxy for the W decay partons. One caveat is that we can no longer
distinguish, using the subjets, which is the fermion and anti-fermion in the W decay which
restricts the cos θJ distribution to 0 ≤ cos θJ ≤ 1. The right plot of Fig. 8 shows the helicity
angle between the two pruned subjets for a 600 GeV resonance which differs from the left plot
of Fig. 8 in that it includes reconstruction and acceptance effects. It shows that transversely
polarized W bosons decay with the subjets more along the direction of the W. It is clear that
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Figure 8: Generator level cos θJ distributions for purely longitudinally and transversely polar-
ized W bosons (left). Subjet angular observables after a cut on pruned jet mass for pure WL and
WT samples for jets with 250 < pT < 350 GeV(right).

one can use subjets in order to determine the polarization of the W boson. In addition, we
compare the reconstructed cos θJ to the parton level information. The resolution on the angular
distance between two subjets in the laboratory frame is approximately 10 mrad. This translates
in a resolution of approximately 65 mrad on θJ in the W rest frame. The resolution remains
relatively constant over a large pT range.

We produce simulated samples of purely polarized W bosons (WL and WT) for resonance
masses of 600 GeV and 1000 GeV in order to study the polarization effects in different pT ranges.
The pruned jet mass is plotted on the top of Fig. 9. We find that the pruned jet mass acceptance
is quite different for pure WL and WT samples. This reflects two effects. First the ∆R separation
between the partons for pure WL bosons is smaller on average than for WT bosons and is more
likely to be accepted by a CA8 jet. Second, in the WT topology, the pT of the subjets is typically
a more asymmetric jet structure more commonly associated with QCD jets. Of the two effects,
the dominant contribution depends on the transverse momentum of the W-jet.

After cutting on the pruned jet mass window 60-100 GeV, we then show the observable τ2/τ1
on the bottom of Fig. 9 for the 600 GeV and 1 TeV resonances on the left and right. The corre-
sponding jet pT bins are 250-350 GeV and 400-600 GeV, respectively. As the jet pT increases, the
more QCD-like topology of the transversely polarized W bosons become highlighted and the
difference between WL and WT is larger. In Sec. 5.6.1, we show the efficiency differences for the
different W polarizations.

5.4 Quark-gluon composition

Another effect which could influence the ability to identify W-jets is the composition of the
background. QCD properties differ between quark- and gluon-initiated jets, thus it is impor-
tant to understand how the discriminating distributions vary. In the W+jets topology, the pre-
dominant fraction of jets originates from quarks, while in the dijets topology the low jet pT
regime is predominately gluons and at higher jet pT ( 600 GeV) quark-initiated jets dominate.



5.5 High pT behavior 13

pruned jet mass (GeV)
0 50 100 150

 N
or

m
al

iz
ed

 D
is

tr
ib

ut
io

n

0

0.2

0.4

 only, 600 GeV LW

 + simulation

 only, 600 GeVTW

 + simulation

 = 8 TeV, W+jetssCMS Preliminary Simulation, 

CA R=0.8
 < 350 GeV

T
250 < p

|<2.4η|

pruned jet mass (GeV)
0 50 100 150

 N
or

m
al

iz
ed

 D
is

tr
ib

ut
io

n
0

0.2

0.4

0.6  only, 1000 GeV LW

 + simulation

 only, 1000 GeVTW

 + simulation

 = 8 TeV, W+jetssCMS Preliminary Simulation, 

CA R=0.8
 < 600 GeV

T
400 < p

|<2.4η|

1τ/2τ
0 0.2 0.4 0.6 0.8 1

 N
or

m
al

iz
ed

 D
is

tr
ib

ut
io

n

0

0.1

0.2

0.3

 only, 600 GeV LW

 + simulation

 only, 600 GeVTW

 + simulation

 = 8 TeV, W+jetssCMS Preliminary Simulation, 

CA R=0.8
 < 350 GeV

T
250 < p

|<2.4η|
 < 100 GeVJ60 < m

1τ/2τ
0 0.2 0.4 0.6 0.8 1

 N
or

m
al

iz
ed

 D
is

tr
ib

ut
io

n

0

0.1

0.2

0.3
 only, 1000 GeV LW

 + simulation

 only, 1000 GeVTW

 + simulation

 = 8 TeV, W+jetssCMS Preliminary Simulation, 

CA R=0.8
 < 600 GeV

T
400 < p

|<2.4η|
 < 100 GeVJ60 < m

Figure 9: Pruned jet mass and τ2/τ1 after a cut on pruned jet mass for pure WL and WT samples
for jets with 250 < pT < 350 GeV.

In Fig 10, we show the pruned jet mass and τ2/τ1 distributions for PYTHIA6 simulated samples
of quark- and gluon-initiated jets. On the left plot, we see that gluon jets tend to have a larger
jet mass than quark jets. For the τ2/τ1 distribution, before making a jet mass cut, the gluon
jets appear more like W-jets than quark jets. However, after cutting on the jet mass, quark jets
look more like W-jet than gluon jets. In Section 7.2, where we study the fake rate for quark
and gluon jets in detail, we see that this leads to a partial cancellation of the difference between
quark and gluon jets. Additional parton shower models are also explored in Sec. 7.2.

5.5 High pT behavior

Additionally, we consider the behavior of the substructure observables at very high pT. In dijet
events, we look at both signal W-jets and background jets with pT between 1.1 and 1.4 TeV.
These are compared to jets with lower pT in the range 400-600 GeV. The pruned jet mass is
shown in Fig. 11. At generator level, the pruning algorithm still performs very well in recon-
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Figure 10: Pruned jet mass and τ2/τ1 (after pruned jet mass cut) distribution for quark and
gluon jet simulated with PYTHIA6.

structing the W mass at high pT. However, in combination with the degradation of detector
level jet substructure resolution at high pT, the pruning algorithm rejects a too large fraction of
the particles in a W jet, leading to events with pruned jet mass in the range of 40 to 60 GeV. We
leave further optimization of groomed jet mass in the high pT regime to future studies.

The distributions of mass drop and τ2/τ1 are shown in Fig. 12 for jets without a mass cut (left)
and with a mass cut (right). In all cases, the discrimination power between signal W-jets and
background QCD jets is degraded with respect to the more moderately boosted jets.
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Figure 11: Pruned jet mass comparison for signal and background in the very high pT regime
compared to more moderately boosted jets.
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Figure 12: Comparison of substructure observables for signal and background in the very high
pT regime compared to more moderately boosted jets.
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5.6 Optimizing a W-tagger

We have considered many aspects of substructure observables in the previous sections, Sec. 5.1-
5.5. In this section we compare the performance of the observables considered in identifying
W-jets. The goal is to define which observables prove to provide the best signal-to-background
discrimination in the tagging of W-jets. The parameters of this optimization are defined as
follows:

• Because the jet mass is proven to be the best discriminating variable, we first make a
cut on the pruned jet mass of 60-100 GeV. Thus, observables highly correlated with
jet mass will degrade in performance.

• In a specific analysis, the background composition may vary, however we consider
here as background the QCD jets.

• In order to minimize the effect of kinematic selections on the optimization, we choose
to optimize the W-jet observables in a bin of pT, keeping the bins as narrow as possi-
ble, while maintaining enough simulated statistics and the pT distributions for signal
and background in the bin as similar as possible.

• For baseline comparisons, we use the SM Higgs boson as the signal sample which
predominantly consists of longitudinally polarized W bosons.

In Sec. 5.6.1 the efficiency versus mistag rate curves (ROC curves) are compared for single
variables. In Sec. 5.6.2 we consider single variable correlations and combine them using multi-
variate methods in order to determine if a combination of variables gives optimal performance.

5.6.1 Single variable evaluations

We compare the performance of the various substructure observables by plotting the signal
efficiency versus the background rejection efficiency.

In Fig. 13, we show the performance of the observables in the W+jet final state in the jet pT

bin, 250-350 GeV. The performance of the τ2/τ1, pruned τ2/τ1,exclusive kT τ2/τ1, ΓQjet, Cβ
2 and

mass drop are compared. We find that the most performant variable is the τ2/τ1, while the
pruned τ2/τ1 is slightly less performant. The performance of the τ2/τ1 with exclusive kT axes
is the worst of the τ2/τ1 variants. ΓQjet performs slightly worse than τ2/τ1. The least perfor-
mant variables are the mass drop and the generalized energy correlation function, C2(β = 1.7).
Additional curves in Fig. 13 are related to the multivariate optimization and are discussed in
the next section.

In Fig. 14, we show the performance of the observables in the jet pT bins, 250-350 GeV and 400-
600 GeV, comparing the signal-to-background discrimination power for the same observable
for pure WL versus WT. The discrimination power is similar for longitudinally polarized W
bosons than transversely polarized W bosons in the lower pT bin. As the boost increases we
find that the difference between pure WL and WT bosons is greater, because the WT becomes
more QCD-like in its decay. However, we find that the rank of discriminating observables
remains the same for both the WL and WT cases with respect to the results in Fig. 13. τ2/τ1 is
the most discriminating observable in all cases.

5.6.2 Multivariate methods

Given the performance of single variables provided in the previous section, we study how
much further discrimination power can be improved by combining the variables. The study is
done only in the low pT bin (pCA8

T ∈ [250, 350] GeV), considering the W+jets topology.
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Figure 13: Comparison of various discriminant observable performance for W+jet events in the
low jet pT bin, 250-350 GeV.
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Figure 14: Comparison of jet substructure observable performance for W+jet events in the jet pT
bin, 250-350 GeV (left) and 400-600 GeV (right), for longitudinally and transversely polarized
signal W-jets.

The multivariate optimization is performed using the TMVA package [45]. The variables con-
sidered in the optimization are:

• Pruned mass drop mdrop
pr

• Q-jet volatility ΓQjet
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• N-subjettines τ2/τ1

• Planar flow R = 0.5 [46]

• Number of jet constituents

• Subjet ∆R
• Trimmed grooming sensitivity [46]

• Number of primary vertices NPV

The variable inputs include additional observables in an attempt to increase the discrimination
power. In general, we find a large degree of correlation between the τ2/τ1 and most of the other
observables, this indicates that τ2/τ1 includes information from the other observables. This is
supported by the single variable ROC curves, which prove that the standard τ2/τ1 is the most
performant variable, as shown in Fig. 13.

We consider the combination of the observables in Likelihood multivariate discriminant and
a Multi-layer Perceptron Neural Network (MLP) multivariate discriminant. The ROC curves
obtained from the multivariate methods are shown in Fig. 13, where they can be compared
with the performance of a single cut on τ2/τ1, which is the most performant single variable.

6 Comparison of data and simulation
In this section, we compare distributions of substructure observables for simulation with data
in inclusive dijet, W+jet and tt̄ samples.

6.1 Dijet events

The dijet events are compared in the pT bin 400-600 GeV. Parton shower models are also com-
pared for simulation, PYTHIA6, PYTHIA8 and HERWIG++.

In Fig. 15, the pruned jet mass distribution is shown for both data and simulation. We find that
the general agreement is quite good between data and simulation where HERWIG++ agrees
better than PYTHIA6, and PYTHIA8 shows the best agreement.

In Fig. 16 and 17, the mass drop and τ2/τ1 variables are compared with data before (left) and
after (right) a mass cut. When no mass cut is applied, the distributions of substructure ob-
servables are dominated by the low jet mass regime. There both mass drop and τ2/τ1 agree
better with HERWIG++ and best with PYTHIA8. However, in the high jet mass region, we find
that agreement is slightly better with PYTHIA6 and best with PYTHIA8 although both parton
shower models are more similar than in the low jet mass dominated regime.

Fig. 18 shows the energy correlation functions (left) and the jet charge distribution (right) after
a cut on the pruned jet mass. Agreement between data and simulation is reasonable for these
observables.

6.2 W+jet events

The W+jet events are compared in the pT bin 250-350 GeV. We compare directly against the
PYTHIA6 and HERWIG++ parton shower models. In Fig. 19, the pruned jet mass is compared
in data and simulation. There are non-dominant background contributions from tt̄, single top,
diboson, and Z+jets. The plots include systematic and statistical errors where the systematic
uncertainty band represents the normalization uncertainty on the VV, single Top and W+jets
cross-section and are taken to conservatively be 30%. The agreement between data and simu-
lation is better for HERWIG++ than PYTHIA6.
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Figure 15: Pruned jet mass distribution in data and simulation for dijet events. MG denotes the
MADGRAPH5 generator.
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Figure 16: Mass drop distributions in data and simulation for dijet events without a mass cut
(left) and with a mass cut 60-100 GeV (right). MG denotes the MADGRAPH5 generator.

We compare the additional jet substructure observables mass drop, τ2/τ1, ΓQjet in Figs. 20-22,
where the left plot is shown without a cut on jet mass and the right plot is shown with a jet
mass cut. The plots include comparisons of PYTHIA6 and HERWIG++ for the W+jets parton
shower modeling. In the case of a jet mass cut, we find larger contributions from the non-
dominant backgrounds. The ratio of background contributions are fixed as in the case without
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Figure 17: N-subjettiness τ2/τ1 distributions in data and simulation for dijet events without a
mass cut (left) and with a mass cut 60-100 GeV (right). MG denotes the MADGRAPH5 generator.
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Figure 18: Cβ
2 (left) and jet charge (right) distributions in data and simulation for dijet events

after a mass cut 60-100 GeV. MG denotes the MADGRAPH5 generator.

a pruned jet mass cut and then the summed simulated distributions are normalized to the data
distributions. We find for all observables that the agreement between data and simulation
improves after the mass cut.
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Figure 19: Pruned jet mass distribution in data and simulation for W+ events.
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Figure 20: Mass drop distributions in data and simulation for W+jet events without a mass cut
(left) and with a mass cut 60-100 GeV (right)

6.3 tt̄ events

To understand the performance of merged W bosons, we have a control sample of pure W
bosons in the data from the high pT semileptonic tt̄ sample. Because of the large cross-section
of tt̄ events at the LHC, we are able to study W-jets with a reasonable data sample.

The jet mass, jet pT and τ2/τ1 values are plotted in the tt̄ control sample in Fig. 23 for the
muon selection. The plots include systematic and statistical errors where the systematic un-
certainty band represents the normalization uncertainty on the VV, single Top and W+jets
cross-section and are taken to conservatively be 30%. The agreement between simulation and
data is reasonable, but there are discrepancies of the order of 10%. In Sec. 7.3 we will describe
the derivation of data-to-simulation scale factors to correct for these. Generally POWHEG inter-
faced with PYTHIA6 is giving a better description in the tt̄ sample than MC@NLO interfaced
with HERWIG++.



22 6 Comparison of data and simulation

E
ve

nt
s

0

1

2

3

4

5

6

310×

Data Z+Jets

Single Top WW/WZ/ZZ

W+jets Pythia W+jets Herwig

 powhegtt MC Stat + Sys

 = 8 TeV, W+jetss at -1CMS Preliminary, 19.3 fb

CA R = 0.8

 < 350 GeV
T

250 < p

|<2.4η|

1τ/2τ
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

D
at

a 
/ S

im

0.5

1

1.5

2

E
ve

nt
s

0

100

200

300

400

500

600
Data Z+Jets

Single Top WW/WZ/ZZ

W+jets Pythia W+jets Herwig

 powhegtt MC Stat + Sys

 = 8 TeV, W+jetss at -1CMS Preliminary, 19.3 fb

CA R = 0.8
 < 350 GeV

T
250 < p

|<2.4η|
 < 100 GeVj60 < m

1τ/2τ
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

D
at

a 
/ S

im

0.5

1

1.5

2

Figure 21: N-subjettiness τ2/τ1 distributions in data and simulation for W+jet events without
a mass cut (left) and with a mass cut 60-100 GeV (right)
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Figure 22: Qjet volatility distributions in data and simulation for W+jet events without a mass
cut (left) and with a mass cut 60-100 GeV (right)
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Figure 23: Distributions for the semileptonic tt̄ control sample for the muon selection. The top
plot is the jet pT distribution. The bottom plots are pruned jet mass and τ2/τ1 distributions.
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Finally, we study the jet charge distribution of W-jets in data and simulation using the tt̄ top-
enriched sample. By selecting the positive and negative leptons, we can effectively choose W+

and W− jets. This can be seen in Fig. 24. It can be clearly seen that the W+ and W− jets can be
distinguished.
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Figure 24: Jet charge distributions in the tt̄ control sample for W+ and W− jets in simulation
and data. Simulated distributions are a sum of all processes.

7 Performance and systematic uncertainties
In this section we study efficiencies and fake rates for one specific working point of the pruned
jet mass and N-subjettiness W-tagger to demonstrate the efficiency measurement techniques
and quantify the performance of this W-tagger. The W-tagger is defined by a cut on the pruned
jet mass 60 < mjet < 100 GeV and a cut on the N-subjettiness ratio with a single-pass optimiza-
tion τ2/τ1 < 0.5.

7.1 Efficiency in simulation

In this section we study the pT and pileup dependence of the W-tagging efficiency in simula-
tion. Figure 25 shows the efficiency of the mjet cut and the τ2/τ1 cut combined with the mjet cut
on WW signal samples as a function of pT and number of reconstructed vertices which mea-
sures the amount of pileup. At low pT, there is a turn-on behavior as the W decay products
begin to be reconstructed within the CA8 jet. The efficiency of the mjet drops as a function of
pT, since at higher pT detector resolution for jet substructure degrades and the pruning algo-
rithm removes too large fraction of the jet mass. Also the efficiency of the τ2/τ1 cut drops as
a function of pT, enhancing pT dependence of the W-tagger due to the mjet cut. As a function
of number of reconstructed vertices the efficiency of the mjet cut is slightly dropping by 6%
from 5 to 30 reconstructed vertices. The τ2/τ1 cut efficiency also shows a pileup dependence,
dropping by 12% from 5 to 30 reconstructed vertices.
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Figure 25: Efficiency of the mjet cut and the τ2/τ1 cut combined with the mjet cut on WW signal
samples as a function of pT and number of reconstructed vertices.

7.2 Fake rate measurement

We use a dijet sample to measure the W-tagging fake rate in data and compare it to simulation.
Figure 26 shows the fraction of jets passing the mjet and τ2/τ1 cuts as a function of pT and
number of reconstructed vertices. Similarly to the efficiency, the fake rate for the mjet and
τ2/τ1 cuts drop as a function of pT. The fake rate in data of the mjet cut is well reproduced by
HERWIG++ and PYTHIA 8, while PYTHIA 6 underestimates it. The fake rate in data of the τ2/τ1
cut is better reproduced by PYTHIA 8 than by PYTHIA 6 and HERWIG++. The pT dependence in
data is well reproduced by all generators. As a function of pileup, the fake rate is stable within
1% for the mjet cut. The τ2/τ1 cut fake rate drops as a function of pileup, but more steeply than
the efficiency as a function of pileup.

In Fig. 27, we show behavior of the fake rate in QCD simulation for quark and gluon separately.
Due to the fact that gluon jets have on average a larger jet mass, the fake rate for the mjet cut is
higher for gluon jets. The total fake rate of the mjet and τ2/τ1 cuts is however less different due
to the fact that quark jets tend to have lower τ2/τ1.

7.3 Efficiency scale factors and mass scale/resolution measurement

The tt̄ control sample is used to extract data/simulation scale factors for pure W-jet efficiency
after a cut on τ2/τ1. In Sec. 5.6, we determined that a rectangular cut on τ2/τ1 can already pro-
vide the most optimal separation power for a single variable discrimination. In this section, we
would like to demonstrate the extraction of data/simulation scale factor using the semileptonic
tt̄ sample. We take a simple cut on τ2/τ1 < 0.5 and determine the scale factor. The procedure
is given below.

We are only concerned with the efficiency for pure W-jet signal and need to subtract back-
ground contributions to measure the signal efficiency scale factor. By matching to the gener-
ated W boson in the tt̄ simulation sample, we are able to motivate shapes for the merged W-jet
peak of the distribution and the combinatorial background. Then we fit these shape parameters
directly in the data and simulation.

We then extract the scale factors (SF) by first estimating the cut efficiency on both data and
simulation. This gives us ”pass” and ”fail” samples which we can then simultaneously fit to
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Figure 26: Fraction of jets passing the mjet and τ2/τ1 cuts in data and simulation as a function
of pT and number of reconstructed vertices. The data over simulation ratio is shown for the
combination of the mjet and τ2/τ1 cuts.
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extract the cut efficiency. The difference in the data and simulation efficiencies are taken as the
W-tagging efficiency SF. In the tt̄ control region, we take the mass cut window to be slightly
different than the baseline tagger, 65-105 GeV, due to the slight shift in the mean mass of the
W peak in tt̄ events of approximately 1.5 GeV. The slight shift in mass is primarily due to extra
radiation in the W-jet from the nearby b quark.

The fitting results are shown in Fig. 28. The scale factor is computed to be 0.905± 0.08. The error
reported on the scale factor is purely a statistical uncertainty. In Sec. 7.4, we discuss systematic
effects to this scale factor. Additionally, with limited statistics, we examine the scale factor as
a function of pT in 2 pT bins: 200-265 GeV and 265-600 GeV. In these bins, we find the scale
factor to be 0.96 ± 0.08 and 0.89 ± 0.10, respectively.

To extract the jet mass scale and resolution correction, we use the mean 〈m〉 and resolution σ
value of the Gaussian component of the fit function for the generator matched Ws in the pass
sample . Since we do not expect that the jet mass scale and resolution should differ between
electron and muon channels, we fit the muon and electron data simultaneously, and keeping
the 〈m〉 and σ of the Gaussian component of the fit the same between electron and muon chan-
nels during fitting. The fits are shown for the W-tag cut in the left side plots of Fig. 28, and 〈m〉
and σ are:

〈m〉sim = 83.4± 0.4 GeV , σsim = 7.5± 0.4 GeV (5)
〈m〉data = 84.5± 0.4 GeV , σdata = 8.7± 0.6 GeV (6)

We find that both the W-jet mass scale and resolution in data are larger than that in simulation.
We should shift the simulation 〈m〉 by +1.1± 0.6 GeV and enlarge the simulation σ by 16%±
9% to correct for the difference in data/simulation.
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Figure 28: Pruned jet mass distribution in the tt̄ control sample passing the τ2/τ1 cut for the
muon (left) and electron (right) channels.

7.4 Systematic uncertainties

In this section we discuss the systematic uncertainties on the W-tagging scale factor. We con-
sider a number of effects including the parton shower model, the pileup, the jet mass and en-
ergy scale and resolution effects, and non-dominant contributions from the uncertainties due
to lepton identification, b-tagging and Emiss

T scale. The effect from the parton shower model
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is quantified by the difference in efficiency between a tt̄ sample generated with POWHEG in-
terfaced with PYTHIA6 and a sample from MC@NLO interfaced with HERWIG++. The uncer-
tainty from pileup is determined by varying the minimum bias cross-section up and down by
6%. The effect from jet mass scale and resolution is evaluated by varying the jet mass scale and
resolution by the error on the fitted mean and resolution estimated in Sec. 7.3. The jet energy
scale and resolution is varied within pT-dependent and η-dependent uncertainties [31, 47]. The
lepton and b-jet identification scale factors are varied within their uncertainties. Uncertainties
in the energy/momentum scale and resolution of leptons and jets in the event are propagated
to an uncertainty on the Emiss

T determination.

We find the dominant effect to come from the parton shower model which has a systematic
effect of 6.0% on the efficiency scale factor. Non-leading effects come from the pileup (1.8%)
and jet energy scale and resolution (1.9% and 0.9%, respectively). Results are summarized in
Table 1. The quadratic sum of systematic uncertainties of 6.7% is comparable but smaller than
the statistical uncertainty on the scale factor of 9%.

Source Effect on the scale factor
Parton showering 6.0%

Pileup 1.8%
Jet mass scale < 0.5%

Jet mass resolution 0.7%
Jet energy scale 1.9%

Jet energy resolution 0.9%
Lepton ID < 0.5%
b-tagging < 0.5%

MET < 0.5%
Total 6.7%

Table 1: Summary of systematic effects on the W-jet identification efficiency scale factor.

8 Summary
In this note we studied the identification of jets originating from hadronically decaying W
bosons where the decay products are reconstructed within a single jet, so called ”W-jets”. The
pruned jet mass was used as the primary identifying observable for W-jets and then we stud-
ied a number of different substructure observables which may provide additional signal to
background discrimination.

The substructure observables investigated are the N-subjettiness τ2/τ1 including 3 variants,
mass drop, Qjet volatility, generalized energy correlation functions, and jet charge. For each
observable, we studied the effects of pileup, detector, polarization on the W-jet signal and
quark-gluon composition of QCD jets, as well as performance at very high pT. We evaluated
the performance and find the single most discriminant observable to be τ2/τ1 using one-pass
kT axes. When combining all observables into a multivariate discriminant, we found a small
improvement over τ2/τ1.

We compared the observables in data and simulation in both dijet and W+jet topologies, which
give complementary samples for the jet pT range and the background composition between
light quark and gluon-initiated jets. We found generally reasonable agreement, particularly
after applying a cut on the pruned jet mass. In general, we found the HERWIG++ and PYTHIA8
generators model better the jet substructure observables than PYTHIA6. In a semileptonic tt̄
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sample we isolated a sample of W-jets in data and compare them to simulation. We also demon-
strated discrimination in data for W+ jets and W− jets using the jet charge observable. Finally,
we looked at performance of the W-jet tagging algorithm for a specific set of cuts. The efficiency
and fake rate are studied as a function of pT. The fake rate for a broad range of pT agrees rea-
sonably with simulation. Finally, we outline a method for determining the data-to-simulation
scale factors and mass scale and resolution differences using the tt̄ sample

The methods introduced in this note are directly applicable for identifying hadronically decay-
ing massive objects. In identifying ”Z-jets”, the only different is the jet mass window is slightly
higher. For identifying boosted Higgs bosons, the performance of these observables should be
similar. The additional discriminating variable for boosted Higgs, which is not addressed in
this study, is the possibility of b-tagging the jet. We leave it to future studies to optimize the
study for Z-jets and boosted Higgs bosons.
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