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Abstract

We present studies of several techniques for improving identification of hadronically
decaying W and Z bosons. The performance of various algorithms and the compar-
ison between data and simulation are analyzed in events enriched in hadronically
decaying W bosons. These studies use the full 2012 CMS dataset, corresponding to
an integrated luminosity of 19.7 + 0.5 fb~! from proton-proton collisions produced by
the LHC at /s = 8 TeV. In anticipation of LHC Run II, performance studies of iden-
tification techniques in high pileup conditions and of substructure reconstruction for
jets with high transverse momenta are performed using simulated events with highly
boosted W bosons. We demonstrate that with just a few modifications to legacy tech-
niques, performance for tagging weak vector bosons remain robust under extreme
conditions that can be encountered in the upcoming run.
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1 Introduction

Since the first observation of the W and Z bosons, electroweak physics has played an important
role in testing and developing the Standard Model. Whether it be in the breakthrough discover-
ies of the top quark and the Higgs boson, or in the high precision measurements of the W boson
mass and the Z line shape, weak vector boson (V) identification techniques have proved vital
in furthering our understanding of particle physics at ever-higher energy scales. Traditionally,
V tagging methods have depended largely on leptonic decay channels. Hadronic signatures
are faced with the relatively poorer reconstruction of jets and large multijet backgrounds from
QCD processes at hadron colliders.

Several recent developments have improved the tagging of hadronically decaying weak vector
bosons. Many of these advances have resulted from the analysis of the internal components
of a jet, i.e. its substructure. A more effective identification of hadronic V decays allows many
analyses to profit from the substantially larger branching fraction of hadronic channels. This,
in turn, may provide significant gains in searches for new physics.

The treatment of jets for V tagging differs depending on the boost of the boson. For W/Z bosons
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with low transverse momentum (pr), the daughter quarks produce two jets reconstructed in
the detector. For this scenario, the properties of the individual jets as well as observables related
to the dijet system are considered. At sufficiently high pr, the quarks emerge very close to each
other and only a single jet is reconstructed by typical jet clustering algorithms. In this case, jet
substructure provides several observables that can be used to distinguish a merged V jet from
single-parton backgrounds.

The unprecedented beam intensities and energies in Run Il at the Large Hadron Collider (LHC)
can generate conditions that adversely affect the performance of substructure quantities for V
tagging. It will be common, for example, for 30 to 40 simultaneous proton-proton collisions
(i.e. pileup interactions) to accompany a given hard-scatter interaction. Moreover, the increase
in center of mass collision energy from 8 TeV to 13 TeV will raise the production rate and en-
ergies of highly boosted objects at the LHC. Such conditions challenge current jet reconstruc-
tion algorithms and can degrade the discriminating power of V tagging variables. It will be
demonstrated, however, that simple adjustments are sufficient to achieve robust substructure
reconstruction for jets above 1.5 TeV, and that many observables can be minimally modified to
reduce the impact of pileup.

In this document, we build on previous studies [1] that investigate the performance of jet ob-
servables for the identification of vector bosons. We first consider the case of low-pr W boson
decays that result in resolved jets. We then proceed to the regime where quarks from W bo-
son decays are unresolved. Comparisons between data and simulation at 8 TeV are made for
several observables, and their combined performance and correlations are evaluated. Next, we
turn to simulations of Run II conditions to study the performance of V tagging variables at high
pileup and of substructure reconstruction for high-pr jets. We conclude with an outlook for a
next-generation V tagger that combines multiple jet property/substructure observables.

2 CMS detector

The CMS detector, described in detail in ref. [2], is a multi-purpose apparatus designed to study
high-pr physics processes in proton-proton and heavy-ion collisions. CMS uses a right-handed
coordinate system, with the origin at the nominal interaction point, the x axis pointing to the
center of the LHC, the y axis pointing upwards, perpendicular to the plane of the LHC ring,
and the z axis along the counterclockwise beam direction. The polar angle 6 is measured from
the positive z axis and the azimuthal angle, ¢, is measured in the x — y plane. The pseudo-
rapidity is defined as 7 = —In[tan (0/2)]. A superconducting solenoid occupies its central
region, providing a magnetic field of 3.8 T parallel to the beam direction. Charged-particle
trajectories are measured by the silicon pixel and strip trackers, which cover a pseudorapid-
ity region of || < 2.5. A lead tungstate (PbWOy) crystal electromagnetic calorimeter (ECAL)
and a brass/scintillator hadron calorimeter (HCAL) surround the tracking volume and cover
|7| < 3. The steel/quartz-fiber Cherenkov hadron forward (HF) calorimeter extends the cov-
erage to || < 5. The muon system consists of gas-ionization detectors embedded in the steel
flux return yoke outside the solenoid, and covers || < 2.4. The first level of the CMS trigger
system, composed of custom hardware processors, is designed to select the most interesting
events in less than 4 us, using information from the calorimeters and muon detectors. The
high-level trigger processor farm then further reduces the event rate to a few hundred Hz.



3 Event samples and reconstruction

The studies to be presented are performed using samples of hadronically decaying W bosons
for the signal and samples of quark- and gluon-initiated jets for the background. For studies
at /s = 8 TeV, we use the full 2012 CMS dataset corresponding to an integrated luminosity of
19.7 £ 0.5fb ! [3]. Top-pair events with a single muon in the final state are selected to obtain
a sample of W bosons, while a background-enriched sample is obtained by selecting Z + jets
events where the Z boson decays to dimuons. For physics simulation, tt and Z + jets processes
are generated with MADGRAPH 5 [4] and interfaced to PYTHIA 6 [5] for simulation of parton
showering and hadronization. The generated events are passed through a GEANT4 [6] simula-
tion of the CMS detector. In preparation for Run II conditions, simulated events are generated
using PYTHIA 8 [7] at /s = 13 TeV with an average of 40 pileup interactions per event. Produc-
tion of Randall-Sundrum (RS) gravitons with varying masses decaying to W boson pairs [8, 9]
are considered for the signal and QCD multijet events are considered for the background. The
masses are chosen for the pr range being probed. We use a graviton mass of 1 TeV to study jets
with pr around 0.5 TeV, and graviton masses of 1-4 TeV to study jets above 1 TeV.

Observable particles in an event are reconstructed using the CMS particle-flow algorithm [10].
The algorithm links topologically connected clusters of energy deposited in the calorimeters,
charged-particle tracks identified in the central tracking system, and information from muon
detectors to reconstruct individual particles and to define quality criteria. Of the vertices recon-
structed in the event, that with the largest }_ p3, where the sum runs over all tracks associated
with the vertex, is chosen as the primary vertex. The remainder of the section describes the
reconstructed physics objects used for event selection.

3.1 Jets

Jets are reconstructed by clustering the set of objects (i.e. particle-flow candidates) reconstructed
by the particle-flow algorithm [11]. Particle-flow candidates provide a more convenient and co-
herent representation of jet constituents than can be achieved with more basic objects such as
calorimeter clusters and tracks. For accurate descriptions of jet properties, the reconstruction of
charged hadron candidates, photon candidates and neutrals hadron candidates in the particle-
flow algorithm is the most important. Typically a jet contains 60% of charged hadrons (mainly
), 20% of photons (mainly from 0 decays), and 10% of neutral hadrons [12]. The anti-kr al-
gorithm [13] is employed and two different distance parameters are considered: R = 0.5 (AK5)
and R = 0.8 (AKS).

Combinatorial background arises from low-pr jets from pileup interactions that are inadver-
tently clustered into high-pr jets. A multivariate (MVA) selection is applied to separate jets
from the hard scatter from jets reconstructed from energy deposits associated with pileup in-
teractions [14]. The discrimination stems from differences in the jet shapes, on the relative
multiplicity of charged and neutral components, and on the different fraction of transverse
momentum that is carried by the hardest components.

Within the tracker detector acceptance, tracks belonging to each jet are required to be compat-
ible with originating from the primary vertex. To reduce the effects from multiple interactions
occuring in the same bunch crossing, we remove charged PF candidates not associated to the
primary vertex[1] before performing jet clustering and computating all jet observables (known
as Charged Hadron Subtraction or CHS). The CHS procedure is applied for large cone jets
(AKS). Jet energy corrections are applied as a function of jet pr and 7 [15]. Jet energy scale and
resolution gives rise to an uncertainty in the yields of 2% (5%) for the low (high) jet multiplicity
events.
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To effectively explore the substructure of a jet, it is necessary to identify subjets corresponding
to the quarks from W boson decay. Subjet finding is performed by reprocessing the constituents
of the jet with either the Cambridge-Aachen (CA) [16] or kt clustering algorithm. The choice
of clustering algorithm depends on the algorithm to compute a particular substructure observ-
able.

3.1.1 Dbjets

Jets that originate from the hadronization of b quarks are referred to as “b jets”. The CSV
b-tagging algorithm [17] is used to identify such jets. The algorithm combines track impact
parameters and information from secondary vertices within jets into a likelihood discriminant
that can separate b jets from jets that originate from light quarks, gluons, and charm quarks.
The output of this CSV discriminant has values between zero and one; a jet with a CSV value
above a particular threshold (here, the CMS “medium” operating point) is referred to as being
“b-tagged”.

3.2 Missing transverse energy

The missing transverse energy vector (EX%) is defined as the negative vector sum of the trans-
verse momenta of all reconstructed particles (charged or neutral) in the event, with EIis =
|E¥‘is’s\. The magnitude of the vector, ET%, can be used to discriminate the signal from back-
grounds.

3.3 Muons

Muon candidates are identified from charged-particle tracks in the muon system that match
to tracks reconstructed in the central tracking system [18]. Sufficient precision for momentum
measurement from the curvature of the track in the magnetic field is ensured by imposing
a minimum requirement on the number of sensor measurements and on the quality of the
full track fit. Muons are required to be isolated to distinguish between prompt leptons from
W /Z-boson decays and those from semileptonic hadron decays or from hadrons in jets that are
misidentified as leptons. The variable AR = \/(A#%)? + (A¢)? is used to measure the separation
between reconstructed objects in the detector. Isolation criteria are set based on the distribution
of low-momentum particles in the (77, ¢) region around the leptons. To remove the contribution
from overlapping pileup interactions in the isolation region, charged particles included in the
computation of the isolation variable are required to originate from the primary vertex. A
correction is applied to the neutral component in the isolation AR cone that is based on the
average energy density deposited by the neutral particles from additional interactions [19].

4 Resolved jets

Resolved jets from hadronic decays of W and Z bosons occur when the boson pr is sufficiently
low so that each quark is reconstructed separately as a jet. It should be noted that two jets
can still be reconstructed if the jets from the boson decay only partially overlap. For distance
parameter R = 0.5, the effect of overlapping jets becomes relevant for W bosons with pr ~
160 GeV. As will be discussed, this has implications on the behavior of some jet observables.
In this section, we present studies of several variables that show discriminating power for W
boson decays to dijets over the combinatorial background.
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4.1 Event selection

A sample of dijets from W boson decays in tt production is obtained from events triggered by
a single muon of pr > 24 GeV and || < 2.1. The offline requirements are that the events
have exactly one isolated muon and four or more AKS jets, at least two of which are b-tagged.
The event is vetoed if isolated electrons or additional muons are present. The offline muon is
required to have pr > 30 GeV and || < 2.1, and must be matched to the muon object from
the online trigger reconstruction. Jets are required to have pr > 30 GeV and || < 4.7. Pairs
of non-b-tagged jets are considered to be W candidates if the dijet mass falls between 40 and
130 GeV.

4.2 Resolved jet observables

The observables studied are outlined below, with explicit definitions and discussion of results
provided in subsequent sections.

¢ Quark/Gluon Likelihood, (QGL), first introduced by the CMS collaboration in [20],
is a likelihood-based discriminator designed to distinguish between jets originating
from quarks and gluons.

e Jet Charge, (g), is defined using the prescription in [1]. The quantity of interest is the
sum of jet charges of the dijet pair.

e Jet Pull Angle, (6p), as defined in [21], characterizes the color flow between two
jets. Weak vector bosons are color singlets, and thus their daughter quarks are color-
connected. This contrasts with the combinatorial background, which in most cases
is not color-connected.

4.2.1 Quark/Gluon likelihood

The QGL can be used to reduce combinatorial background involving jets originating from glu-
ons. Figure 1 shows the QGL distributions for jets from W candidates; both jets contribute to
the histogram. A correction for the simulation has been applied to account for the mismodel-
ing of gluons in PYTHIA 6. This correction is derived from a QCD dijet control sample [20], and
the residual discrepancy in the plot is attributed to the difference in quark/gluon composition
between dijet events and tt events. The plots show the high purity of tt events in the selected
sample, and that a significant contribution to the combinatorial background involves gluon
jets. Figure 1 also provides a performance curve derived from a scan of QGL cut thresholds
applied to both jets in simulated tt events. The signal is dijet combinations that are matched to
both quarks from W decay at generator-level, while background is dijet combinations that are
not matched.

4.2.2 Jet charge
The jet charge is defined as,

g=).40" ( (P, ) , @

(pT)jet

where the sum is taken over the jet constituents and x is a parameter that is freely chosen.
Figure 2 shows distributions for the sum of jet charges of the dijet W candidates. Of the values
explored for the x parameter in the jet charge definition, the best separation (~ 1.8¢ in 10-event
hypothesis tests) between W' and W~ candidates in simulation is found with x = 1. The
charge sum distributions of data and simulation agree, and the separation power is found to
have a mild dependence on W pr. Figure 2 also includes a performance curve of the charge
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Figure 1: The QGL discriminant applied to resolved jets in data and simulation samples en-
riched in tt. Left: the simulation is separated into contributions from different physics pro-
cesses. Center: the simulation is separated into contributions from the underlying parton of
the jets. Right: the performance in simulation of applying a cut on the QGL on both jets in the
pair.

sum discriminant used for tagging W+ and W~ bosons in simulated tt events. The curve is
computed from scanning cut thresholds on the sum charge, accounting for the expected charge
of the W candidate based on the charge of the identified muon. The signal is dijets matched to
quarks from W decays at generator level and the background are unmatched dijets. Note that
the discriminant performs better for W™ because there is more positively charged background
in a proton-proton environment.
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Figure 2: Left: Dijet charge distributions for W-enriched data and simulation. Right: The per-
formance of applying a cut on the dijet charge sum in simulation.

4.2.3 Jet pull angle

Before defining the jet pull angle, it is necessary to define the jet pull vector [21], which is the
weighted sum of jet constituent displacements from the jet axis:

f=

i

(pT)i |rl‘|?'

i

(pT)jet

)
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The sum is taken over the jet constituents and 7; is the displacement of a constituent from the
jet axis in y, ¢-space, with y denoting rapidity. The pull vectors of jets from color connected
partons should tend to point towards each other. One way to quantify this behavior is to
consider the angle between a jet’s pull vector and the displacement vector between the two jet
axes. This is the jet pull angle, 8p. The pull angle distribution of color connected jet pairs peaks
at zero, while for unconnected pairs the 0p distribution is flat, as there is no correlation with the
displacement vector. Figure 3 shows distributions of 8p calculated from generator information
in simulated tt events. Here the pull vector (f1) is calculated from the collection of final-state
daughter particles in the lineage of the higher pr quark from hadronic W decay. J, and B
correspond to the directions of the partner quark and the b quark from the same top decay,
respectively. These distributions are consistent with expectation: pull angle is nearly uniformly
distributed for non-color-connected particles, while particles that are color-connected exhibit a
smaller pull angle on average. The plots also indicate that the 0p distribution for quark pairs
from W decays peaks more strongly at low angle with increasing p'.
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Figure 3: Pull angle (6p) calculated with generator-level particles in tt simulation. The pull vec-
tor is computed with respect to the leading quark from W decay. In each plot, two distributions
are shown: the pull angle of the two quarks from W decay, and the pull angle of the leading
quark from the W paired with the b quark from the same top decay.

Figure 4 shows distributions of 6p from reconstructed W candidates in tt events in data and
simulation. Also shown in Figure 4 is the pull angle between a jet from the W candidate with
the leading b-tagged jet, which indicates the shape of a color unconnected background. The
fp distribution of the pull vector from the leading reconstructed jet is markedly different than
that from the subleading jet at high dijet pt. In this regime the jets partially overlap, and the
clustering algorithm can incorrectly assign particles to the jets. On average, the leading pr
jet will tend to have absorbed more constituents from the subleading jet, which enhances the
small-angle peak for the former. This consequently removes constituents from the subleading
jet, thus its pull vector will tend to point away from the leading jet.

The performance of |0p| as a discriminant is shown in Figure 5 for several ranges of dijet pr.
The pull angle here is computed using the pull vector from the leading jet. The signal is dijets
matched to quarks from W decays at generator level and the background are unmatched dijets.

4.3 Summary

A set of jet observables have been studied in the context of identifying W boson decays into
dijets. The three observables, QGL, dijet charge sum, and jet pull angle, do not show strong
separation power individually; to combine the information in an optimal way, we introduce a
W tagger using the aforementioned observables as input to a multivariate discriminator based
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Figure 4: Top row: Distribution of pull angle computed from the leading jet of the W candidate.
The slight rise in the background shape at +7t for high pr corresponds to the cases where the
b-tagged jet has absorbed some of the constituents that should have been assigned to the non-
b-tagged jet. Bottom row: Distribution of pull angle computed from the subleading jet in the W
candidate. The structure at high pr can again be explained by overlapping jets with the leading
jet absorbing extra constituents from the subleading jet.
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Figure 5: Performance curve in simulation for applying a cut on |6p| of the dijet system. The
pull vector is computed from the leading jet.

on Boosted Decision Trees (BDT) using the TMVA framework [22]. We restrict to jets with
|| < 2.4 so thatjet charge is relevant, and construct separate discriminators for dijet transverse
momenta below and above 160 GeV to distinguish between where reconstruction effects are
prominent to jet pull angle. These variables are found to be almost uncorrelated with each
other, therefore each brings an independent handle to identifying W boson decays to dijets.
The performance curve, shown in Figure 6, indicates roughly 25% background efficiency for a
signal efficiency of 50%.
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Figure 6: Performance curve for the multivariate W tagger using QGL, dijet charge sum, and
jet pull angle as input.

5 Unresolved jets

For highly boosted weak vector bosons, the hadronic decay products can be merged into a
single jet. For distance parameter R = 0.8, this occurs for boson pr above 200 GeV. The radiation
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profile of the individual, hard partons within a merged jet must be explicitly resolved for an
accurate calculation of the boson mass. This contrasts with the resolved scenario, for which the
boson mass can be determined simply from the properties of the individually reconstructed
jets. A new class of observables has been developed for disentangling the radiation profiles of
proximate partons. We explore these observables in this section.

5.1 Algorithms and observables

In this section the algorithms and related observables used to perform V tagging are discussed.
These extend and complement previous studies [1]. The observables under study can be di-
vided into two classes: the jet mass associated with a particular jet grooming algorithm, and
variables generally related to the jet shower substructure.

Jet mass is the most natural discriminator between jets originating from V decays and those
originating from single partons. Jet grooming techniques improve mass resolution by reducing
the effects from pileup and underlying event. The following grooming algorithms are studied:

o Filtering, defined in [23], where we consider the three hardest CA subjets with
R=0.2.

e Trimming, defined in [24]. We consider subjets obtained with kr clustering, R = 0.1,
with a p fraction of the mother jet pt exceeding 3%.

e Pruning, defined in [25, 26], with the the CA algorithm chosen as a measure for
pruning. The minimal momentum fraction and maximal distance cuts are set to 0.1
and 0.5, respectively.

e Soft-Drop, defined in [27], where the soft threshold is fixed to 0.1 and the following
values of angular exponent, 8, are considered: {—1,0,1,2}.

In addition to the various groomed mass algorithms, these other variables are studied:

e Quark/Gluon Likelihood, (QGL), is the same likelihood discriminator used for re-
solved jets in Section 4, and is applied on the pruned jet.

e Subjet Quark/Gluon Likelihood (Subjet QGL), is the QGL discriminant applied on
the two leading pruned subjets. We also consider a combined discriminator (QGL
Combo), defined as a linear combination of the leading subjet QGL with twice the
second leading subjet QGL.

e Energy Correlation Functions (ECF), defined and studied in [28], can be combined
into dimensionless double ratios (Cf ) that can discriminate two-pronged jets against

single-pronged jets. These Cg depend on the choice of the jet constituents angular
weight B; for this study the considered values for § are {0,0.2,0.5,1,2}.

e N-subjettiness (1), defined in [29, 30], is shown to be a powerful discriminator for
hadronic V tagging when combined into ratios T/ Ty—1. For the two-pronged topol-
ogy the interesting ratio is 72/ 71. We consider kr sub-clustering with axis defined by
the “winner-take-all” scheme [31].

 Qjet volatility (I'g,,), defined and studied in [32]. In this study, we adopt the same
configuration used in [1], with the exception of the pre-clustering cut, which is re-
moved. In order to maintain high processing speed, a new implementation of the
algorithm is used following the Qjet authors prescriptions. In particular, the trunca-
tion factor is set to 0.01.

e Jet Pull Angle, as defined for resolved jets in Section 4, is applied on the two leading
pruned subjets.
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o Jet Pull Magnitude, is the magnitude of the jet pull vector for pruned subjets.

5.2 Event selection

As done for the study of resolved jets, a tt selection is employed. In addition, a selection for
Z + jets events is performed to obtain a background-enriched sample. In selecting both sam-
ples, an AKS jet is required to have pr larger than 250 GeV and |y| < 2.5, where the jet and the
selected lepton(s) must be separated by AR > 0.3.

5.2.1 Selection of tt events

As in the study of resolved jets, a single muon requirement is applied in the selection of tt
events to obtain a sample of boosted W bosons. Two b-tagged AKS5 jets with pr > 30 GeV must
be present in the event, and both jets must not overlap with the boosted AKS jet. To reduce
combinatorial background, the system constructed from the boosted jet and the b-tagged jet
furthest from the lepton must have a mass below 300 GeV. The boosted jet is taken as the W
candidate.

5.2.2 Selection of Z+jets events

This sample is selected using a set of high-pt muon triggers and by applying the offline muon
identification criteria described in Section 3. Two oppositely-charged muons with pr > 30 GeV
and pr > 10 GeV for leading and trailing leptons, respectively, are required and the dimuon
mass must lie within 15 GeV of the nominal Z boson mass [33]. In addition, the dilepton pr is
required to be larger than 100 GeV. With these requirements the background level is below 3%.
This sample is relatively pure in quark jets: 70% of leading jets are expected to originate from
light-quark hadronization.

5.2.3 Data vs simulation comparisons

The substructure observables are shown for the background dominated Z + jets sample in Fig-
ure 7. The simulation is broken down according to whether the jet is matched to a generator-
level quark or gluon. The matching is performed by considering the closest generator-level
parton in a cone of radius R=0.7 around the jet axis. The dashed band on top of the simulated
spectra indicates the statistical uncertainty of the simulation. The agreement between data and
simulation is good for most of the analyzed distributions. It is noticeable that, with respect to

other observables, there is a worse modeling of the Cf functions.

Using the tt selection, signal jets in simulation are identified by matching to the quarks from W
decays at generator level. Figure 8 shows the jet mass for different parameters of the soft drop
grooming algorithms in this region. As expected, signal jets masses are concentrated around
My, while background jets are characterized by a soft spectra. Due to limitations in the match-
ing algorithm, a small number of W-jets are mis-identified as background and produce a struc-
ture around My . In general, good agreement is found for all the mass spectra obtained with
different grooming techniques. The distributions are also proving that the grooming techniques
perform well under the Run I pileup conditions. Note that in the figure with the tt selection, for
the soft-drop mass (8 = —1), the range is restricted to values greater than 4 GeV to enhance the
comparison in the signal dominated region. For comparison, the soft-drop mass distribution
with B = —1 is also shown for the background dominated Z +- jets region.

The remaining comparisons for the tt region are presented in Figure 9; all distributions show

good agreement between data and simulation apart from the ECF double ratios Cg . The distri-
bution of the QGL for signal jets are particularly interesting: as the shower from W hadronic
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Figure 7: Jet substructure observables for a large cone jet in a region dominated by Z + jets
events. From left to right, top row to bottom row, the plots show the CMS QGL, the ECF
double ratio C; (B = 2), the jet pull angle (6p) and the Subjet QGL for the second highest pt
subjet. The simulation is normalized to the data. The contribution from tt and di-boson events
has been considered in the simulation and is reported as "Other bkgs.”
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decays is fragmented and has high off-axis energy dispersion due to the presence of two hard
legs, the QGL tags signal jets as more gluon-like than quark-like. This is expected as typical
gluon showers are wider and more fragmented than quark showers.
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Figure 8: Jet mass for a large cone jet groomed with soft-drop method in a region dominated
by tt events. The grooming algorithms used have a value of § = 0 (top-left), B = 2 (top-right),
B = —1 (bottom-left). For the signal region where B = —1, the first mass bin is removed. For
comparison, the Z + jets background region is shown for = —1 (bottom-right). The contri-
bution from single top, W/Z + jets and di-boson events has been considered in the simulation
and is reported as “Other bkgs.”

5.3 Performance studies

First, to understand which variables are the most interesting for the construction of a V tagger,
the performance curve for each variable are shown in Figure 10. To compute the curves, signal
jets are taken from simulation and background jets from the Z 4 jets sample in data. From the
comparison of the mass obtained with different grooming algorithms, it appears that the most
discriminating variables of this class are mpim and mpy. For what concerns jet substructure
variables, N-subjettiness and Qjet volatility appear to perform best.
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bution from single top, W/Z + jets and di-boson events has been considered in the simulation
and is reported as “"Other bkgs.”
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used in merged W boson tagger, where signal is from simulated W-jets and background is from
Z+jets events in data.

To study the performance of a tagger which employs a combination of all the variables, an
MVA based on the BDT is employed. The working point that maximizes background rejection
for a signal efficiency of 50% is taken as a benchmark for performance comparisons; the score
Z, defined as the inverse of the background efficiency !, is computed. To determine the relevant
minimal set of observables that performs best, the procedure is repeated for all the pairs and
triplets of observables.

To calculate the uncertainty on the metric Z, two sources of uncertainty must be accounted for.
The first is the uncertainty induced by statistical effects, the second originates from the uncer-
tainty in the training of the BDT. Since the same parameters are used for each BDT, we take this
uncertainty to be of the order of the statistical uncertainty due to finite training sample size.
The two uncertainties are added in quadrature. With this well defined metric, the performance
of the variables are scanned. We find an uncertainty of roughly 10% for the Z comparisons
against data and 2% for the Z comparisons against simulation.

In Figure 11 the score Z is shown for all the BDTs trained on pairs of different observables. The
score is shown by considering two different regions for background jets, obtained by applying
the tt and Z + jets event selections. From the figures and Table 1 we conclude that the best
performing pairs are a mixture of a groomed mass and N-subjettiness, as was already noted in
previous studies [1]. However, a mixture of a groomed mass and combination of QGL applied
to subjets gives comparable performance within the uncertainties.

The comparison of peformance for BDTs trained on all triplets of the 22 studied variables shows
that a mixture of a single groomed mass variable, N-subjettiness, and subjet QGL perform
better than all the other combinations. Often it is found that pairs of mass variables along
with either N-subjettiness or subjet QGL perform best. Figure 12 shows the Z distribution for
background jets taken from the Z + jets selection in simulation. The best combination is given
by mgiit, Mprune, and subjet QGL; however, many other combinations are statistically close in
performance, as shown in Table 2 — which lists the top 20 highest scoring triplets. The resulting
ranking of best triplets is quite interesting, as it shows that even though some variables, such
as subjet QGL, seem not to have a good discrimination power when considered in isolation,
they are in fact giving a boost to the tagging performances when combined to other variables,
like mass and/or N-subjettiness.

LA score value of 50 corresponds to a 50% signal efficiency for a 2% fake rate.
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Table 1: Performance of the top 10 pairs of variables in simulation.

Rank Z Pairs of variables

1. 385+1.6 Mprune /T
2. 379416 Mgy »/T
3. 378+1.6 Mrpim /T
4. 377+1.6 Mryim QGL Combo
5. 372416 Mprme QGL Combo
6. 367+15 Mgp f=-1 m/m
7. 363+15 Msp =0 /T
8 358+15 Mgp =2 /T
9. 353+14 Mg =1 /T

10. 350+14 Msp p= -1 QGL Combo

Table 2: Performance of the top 20 triplets of variables in simulation.

Rank Z Triplets of variables
1. 433+£20 Msp B=—-1 Mmrim QGL Combo
2. 432420 C p=2 Msp =0 n/T
3. 428+19 Mprune QGL Combo  Tgje
4. 425+19 Mprune Mrtiim QGL Combo
5. 425+19 C, p=2 Msp =1 m/7
6. 425+19 Mprune QGL Subjet2 1w/m
7. 424+19 G p=2 Msp B=-1 n/m
8. 421%+19 Mprune QGL Combo m/m
9. 421+19 Mgy Mprune QGL Combo
10. 420+19 C, =2 Mprune /T
11. 420+19 G B= Msp Bp= -1 QGL Combo
12. 418+19 (G B= Mgp =2 »/n
13. 41.8+19 Mryim QGL Combo m/T
4. 417419 Mgy, Msp B=0 m/7
15. 41.5+1.8 Mprune Mrtyim ©/m
16. 41.5+18 Mgy Msp B=-1 n/m
17. 415418 Mgp B=—1 Mrim ©/T
18. 415+18 (G =2 Mtyim ©/m
19. 415+18 Mgy Mprune ©/m
20. 414+18 (G B=1 Msp B=-1 QGL Combo

Figure 11 and Table 2 are also showing the difference in performance between the best pair/triplet
and the full BDT, i.e. they also provide a quantitative estimation of the “minimality” of the se-
lected sets of variables. As this difference is significant, we are interested in extending the
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performance studies beyond 2 and 3 variable configurations. To accomplish that, we use the
variable ranking, described in Section 5.4, to train a series of BDTs where each variable is se-
quentially appended in the order of their discriminating power. The performance gain versus
appended variable is shown in Figure 12. This figure confirms again that the combination of
mass and N-subjettiness provide the major contribution in W tagging. In addition, it suggests
that saturation in performance can be attained with 9 variables, as we can group together all the
soft-drop related observables given their very strong correlations. We can then conclude that
in order to reach the highest performance we have to rely on a combination of a high number
of observables. This situation, where single variables are characterized by low discrimination
power but their combination is performing well, typically arises in datasets where the vari-
ables are loosely correlated. Hence, we performed a detailed study of variables correlation and
present this in the next section.

The ability to simulate the variables to accurately reflect the data has a critical importance. The
level of agreement between data and simulation for the BDT score of the best performing triplet
and the all variables is shown in Figure 13. The signal-background separation deteriorates
slightly in data, but the overall agreement is very good.

5.4 Study of correlations

Correlations are an important means by which the discrimination of the individual variables
can be better understood. To minimize the effect of hidden correlations, we first transform
the variables by running a BDT on each variable, and then use the resulting BDT discriminant
as a transformed version of the original variable. These transforms yield functions that are
monotonically increasing in signal yield versus background yield.

Following the transformation, we compute the correlation matrix of the transformed variables.
This matrix is shown in Figure 14. The Z-axis of the figure shows the linear correlation co-
efficient of a BDT transformed variable labeled in the x-axis with the variable labeled in the
y-axis. The correlation coeffieint is then multiplied by one hundred. From the correlation ma-
trix, a few prominent features appear. First, the mass variables are all strongly correlated, with
trimmed mass being the least correlated among them. Second, subleading subjet QGL, pull
angle, and pull magnitude are not correlated with any of the other variables. Finally, the en-
ergy correlation functions C, are correlated with each other, but have limited correlations with
other variables. As already noted in the Section 5.3, this indicates that building larger dimen-
sional discriminators will largely benefit from the additional information associated with these
uncorrelated variables.

Along with the correlation matrix, Figure 14 shows a final column that indicates the correlation
of each variable with a BDT trained on all variables. The correlation of each variable with
the BDT trained on all variables gives a measure for the importance of each variable in the final
discrimination. We can use this correlation to form a ranking of the individual variables, taking
the maximally correlated variables as the most discriminating. This ranking was used to choose
the ordering in the iterative scan of discriminator performance (right plot in Figure 12). In the
iterative scan, the benefits from the uncorrelated variables is observed in stepwise performance
increases, which is most clear for the Subjet QGL combination.

5.5 Summary

We have studied 22 different observables to improve the V tagger performance, including sev-
eral that are new to CMS. The new variables are the subjet quark/gluon likelihood, the pull
angle and pull magnitude, and the soft-drop mass. They are found to be well modeled by the
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Figure 13: BDT score for tt (left column) and Z + jets (right column) events. Training for the best
performing triplet (Mg; 71, Mirim, Lfl‘}rgb) and all variables are shown on the top and bottom
rows, respectively. For both the regions the subleading processes contributions have been con-
sidered in the simulation and reported as "Other bkgs.” For tt events this component includes
single top, W/Z + jets and di-boson processes. For Z + jets events this component includes tt
and di-boson processes.
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Figure 14: Correlation matrix of the BDTs of single variables with respect to each other for W jet
signal (left), and background jets from dimuon data (right). The top row and rightmost column
(labeled all) indicates the correlation of the BDT trained on all variables with respect to each set
of variables.

current simulation.

We have scanned all combinations of pairs and triplets of the 22 variables to evaluate their
discrimination of W jets against background. We find that the best pairwise combinations
consist of a groomed mass variable and either 75 /11 or the newly introduced subjet QGL. The
best triplet combinations always include a pair from a small set of variables combined with one
of the groomed masses. This small set of varibales that form the pairs are 7, /71, subjet QGL,

Cg =1 Czﬁ =2 Lo extjet and another groomed mass.

We have also combined the variables into one MVA tagger and scanned the estimate of the most
optimal combination over all the variable multiplicities: 1, 2, 3, ..., 22. We find that combining
just 9 of the 22 variables into a one multivariate tagger, at a signal selection efficiency of 50%,
improves the background rejection by more than 50% with respect to the old tagger.



22 6 Performance at high pileup

6 Performance at high pileup

The increase of the instantaneous luminosity (by roughly a factor two) will produce extreme
pileup (PU) conditions, with possibly up to 50 interactions in a beam crossing. While the per-
formance of legacy W tagging schemes has been shown to degrade as a function of jet pr
and pileup [1], substructure reconstruction techniques have presently only been applied on an
average of 22 PU interactions. In this section, we demonstrate the performance of CMS jet sub-
structure reconstruction techniques for Run II and describe the improvements with respect to
legacy algorithms.

6.1 Simulation and event reconstruction

In this section, we study jet substructure performance in higher pileup conditions and over a
range of moderate jet p (475 — 600 GeV), using simulated samples of QCD multijet as back-
ground jet source, while RS Graviton (Mg = 1 TeV) decaying in WW final state is adopted as
source of W jet. The choice of slightly higher pt than in Section 5 allows us to compare the
change in variable performance at a higher pt regime.

As described in Section 3, simulated samples of Run II conditions contain a Poisson distributed
sample about 40 PU interactions occurring in the same bunch crossing as (i.e. “in-time” with)
the primary interaction. This corresponds to the estimated average number of in-time PU in-
teractions foreseen in Run II. To compare high pileup and low pileup, the samples are split into
two distinct regions :

e low pileup region The sample requiring a pileup having Npy < 40; this region has
a mean pileup of 31.

e high pileup region The sample requiring a pileup having 40 < Npy; which has a
mean pileup of 47.

This difference in pileup studied here is slightly smaller than the expected change in pileup
going from Run I to Run II of 18 additional collisions.

The so-called “out-of-time” pileup occurs when the integration time of signals from some de-
tectors (e.g. HCAL) is longer than the time difference between two different bunch crossings.
Like in-time pileup, out-of-time can degrade the performance of W tagging. We expect the
degradation to be less than that of the in-time. Out-of-time pileup is not considered here, but
will be addressed in upcoming studies.

6.2 Jet Charge vs grooming and pileup

Jet grooming, particularly trimming, has been shown to minimize the effects of pileup. In light
of a consistent use of grooming, we consider first the W jet observables, jet charge g, defined
in Section 4.2, under different grooming and pileup scenarios. To compare the performance
under grooming, W bosons are studied separately for each W boson charge, an aspect that
will be of importance when separating same- and opposite sign diboson production in the
semi-leptonic channel. Figure 15 shows the distribution and discrimination of W+ against W~
for standard particle flow jets and for several trimming algorithm parameters. Overall charge
discrimination is found to be independent of grooming algorithm, however the shape of the
jet charge distribution does change as a result of jet grooming. When comparing the change
against pileup 30 events with pileup 50 events the performance of the jet charge discriminant
changed by only a few percent.
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Figure 15: (Left) shape of the jet charge before and after trimming is applied. (Right) perfor-
mance of charge discrimination for different trimmer parameters.

6.3 Vector boson tagging performance vs pileup

In the interest of preserving the performance under high pileup, we extend the previous sec-
tion with new techniques to mitigate the influence of pileup. The groomed masses (namely:
trimmed, pruned and soft drop mass) are corrected for pileup effects using the “safe” four-
vector subtraction scheme [34]. This approach is an extension of the area subtraction technique
and includes a correction for jet masses [35, 36]:

phy =Pt — pAY — puAly 3)

where p and p,, are measures of the average pileup density and the p,,, multiplied by the z
and E components of A* (A},), is required due to the non-zero hadron masses of the particle
flow inputs. For subtraction on the grooming algorithms of soft drop and trimming, the four-
vector subtraction corrects the jet pr and mass at each step in the algorithm. For pruning, the
correction is applied to the final product using the pruned jet area.

In addition to the observables described in Sec. 5.1, one additional pileup mitigation tool for jet
mass has also been considered:

¢ Constituent Subtraction: as defined in [37]. This technique involves a local subtrac-
tion of pileup at the level of individual jet constituents, which contrasts with area or
shape-based subtraction techniques.

Jet masses obtained from constituent subtraction are not further corrected using four-vector
safe subtraction. In addition to constituent subtraction, jet cleansing [38] was also investigated,
but found to perform poorly on charge hadron subtracted jets; it is not shown in this document.

In Figure 16, we show the performance of different groomed mass observables in the consid-

ered jet pr range for low (Npy < 40) and high (Npy > 40) pileup regions. The performance

of raw jet mass, trimming (R it = 0.1, pj;mc = 0.03), pruning (z¢y¢ = 0.1, Reyt = 0.5), constituent

subtraction and soft drop (8 = 0,1,2) are compared. From the figures no significant change in
the performance is present.

In Figure 17 we show the performance of /11, T2, 1, C2( = 1,1.5,2), LQjet and QGL discrim-
inator applied on the jet and on the trailing pruned subjet. No significant degradation in the
performance is found as we extend to higher pileup.

Regarding the discrimination at a higher pr than in Section 5, we conclude that with a signal



24

6 Performance at high pileup

g’ 1 T T T T T T
& [ — M CMS
L M Simulation Preliminary
T - const
0.8
- - Mpruned
: oo Msoﬂ(Bzo)
0.6 - Mqor(B=1)
| Mey(B2)
04 ; - Mtr\mmed
= AKR=0.8 -
L 475 <p_ <600 GeV By
L 0 <N, <40 ”’.f/ .
0.2 R4 —
}% 7
- 4
0 [ |
0 0.6 0.8 1
8sig

8bkg

0.8

0.6

0.4

0.2

tT I
— M

raw
r---M

‘const

——M

- pruned
[ - My (B=0)
- Moqq(B=1)
L My (B=2)
r ——M

trimmed

- AKR=0.8
- 475<p < 600 GeV
I 40<= NPU <100

CMS

Simulation Preliminary N

Figure 16: Comparison of various discriminant mass observable performance in the 475-600
GeV jet pr bin, obtained considering simulated RS Graviton decaying in WW final state as
source of W jet. Left: a comparison in the low pileup region Npy < 40, and right: a comparison
in the high pileup region 40 < Npy;.

€pkg

0.8

- C, p=1
I C,B=15

- o G B2
T —— QGL
- Subjet 2 QGL

CMS

0.8

0.6

0.4

0.2

B Cz‘ p=1 |
C,B=15
- oo CpBR2
T —— QGL
- Subjet 2 QGL

- AKR=08
L 475 <p <600 GeV
| 40<=N, <100

CMS

Figure 17: Comparison of various substructure observable performance in the jet pr bin, 475-
600 GeV, considering W jet in RS G — WW (Mg = 1TeV) events as signal. (Left) Comparison
in the low pileup region 0 < Npy < 40, (Right) high pileup one 40 < Npy; < 100.



6.3 Vector boson tagging performance vs pileup 25

p=0,1
softdrop’
and pruned mass. The trimmed mass is known to be less discriminating as one extends to

higher pt [1]. Of the various substructure observables, 17, /11 is clearly the best performing.

efficiency benchmark (es5) at 70% efficiency the best performing mass variables are m

In light of exploiting the additional variables beyond the mass one, one observable case, we
perform a multi-dimensional analysis based on the BDT, following a similar approach to Sec-
tion 5.3. Again, a working point that maximizes the background rejection for a signal efficiency
of 50% is determined and the score Z, defined as the inverse of the background efficiency, is
computed. To determine the relevant minimal set of observables that provide good perfor-
mance, the procedure is repeated for all pairs and triplets of observables in each pileup bin.

The left plot in Figure 18 shows the score Z for all BDTs trained on pairs of different observables

for low pileup. The best discrimination is achieved by combining jet mass variables Mf ;;r op”
Mrunea With 72/ 71. This is consistent with results presented in [1]. The second most powerful
combination of variables comes from the newly introduced combination of the subjet QGL.
The right plot in Figure 18 shows BDT performance combining triplets of observables in events
with leading jet pr between 475 and 600 GeV. The best combination of triplet variables follows
the trend observed in Section5.3 where a large class of variables lead to the roughly the same

overall discrimination. These variables include Mp,,,eq with T2/ 71 and Tgjers, or T2/71 and a
second mass variable, or Subjet QGL with Cg =1
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Figure 18: Performance score Z for V tagging using BDTs based on different pairs (left) and
triplets (right) in events with leading AKS jet pr in the range 475 to 600 GeV: 0 < Npy < 40.
The score Z is defined as the 1/ep, where €3 is the background efficiency for a signal efficiency
of 50%

When extending to higher pileup, we find a degradation in the performance of the overall
discrimination. In addition, when scanning over the different variables, we find varying levels
of pileup degradation. The performance of each variable is assessed by taking the ratio of Z for
the high pileup control region (Npy > 40) with the low pileup region (Npy; < 40). This ratio is
shown in Figure 19 in the form of a two-dimensional map of the BDT pair and triplet trainings.
We find that the W-tagging performance degradation with pileup is limited at the level of 20%
over 16 pileup interactions when all variables are combined in a single BDT. A few variables,
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however show a rather large degradation in the pileup performance. The two worst variables

are the Q-jet volatility, I'pj, and the correlation function Cg =1 Both these variables lead to
degradation on the 30-40% level over a change in average pileup of 16 interactions. Fortunately,

the variables, I'g;,; and Cg :1, do not directly affect the performance of the BDT trained on all
variables due to that fact that other variables contribute more to the overall discrimination. This
study was extended for lower pr jets, 300-450 GeV, where a smaller degradation with pileup
was found.
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Figure 19: Percent ratio in Z score between high and low pileup scenario: (Left) result on BDT
trained on pairs of variables, (Right) result on BDT trained on triplets. The triplet includes all
combinations with the M, e4-

6.4 Correlation and pileup

As stated in Section 5.4, a correlation matrix of the BDT trained on all variables can be computed
with respect to the BDT of any single observable. This allows for a measure of the composition
of the maximally discriminating BDT into the individual variable contributions, and provides
a means of ranking the individual observable in terms of discriminating power. To determine
the affect of pileup on the correlation matrix, we compute the correlation matrix in the lower
pileup region and compare it with the high pileup region. The difference in the correlation is
shown in Figure 20, shown here for leading jet pt in the range 475 to 600 GeV. This plot allows
us to understand were the degradation in performance is coming from. To see the degrada-
tion, consider the top line of the correlation matrix labeled all. This is the change in the total
discrimination correlation with respect to each individual variable. For both signal and back-

ground we find that the variables with the largest reduced correlation are the Cg =" function
and the subjet quark gluon discriminators. This implies that the pileup dependence of these
variables is causing the overall degradation in performance of the total discriminant. The pos-
itive correlations, on the other hand, partially compensate, mitigating the overall degradation
with pileup. The largest positive correlation for the discrimination against all is coming from
the pruned mass and soft drop (B = 1).
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Figure 20: Difference between high pileup (0 < Npy < 40 ) and low pileup (40 < Npy < 100)
in the correlation matrix of the BDTs of single variables with respect to each other for signal
(left) and background (right).

6.5 Summary

We have done a systematic study of W jet observables with pileup. We have found the overall
degradation in background rejection is expected to be less that 20% at a signal efficiency of
50% over a range of 15 pileup interactions. However, in the context of individual variables, a
few variables stand out in their pileup dependence, namely T'j,; and the correlation function

Cg =!. The loss in performance with these variables and others in the overall discrimination is
reduced due to compensating nature of the MVA.

7 Performance at high transverse momenta

As described in Section 6, the LHC is scheduled to restart in 2015 with a center of mass colli-
sion energy of 13 TeV, enabling searches and measurements of jets with transverse momenta
above 4 TeV. Two representative variables, previously used for W boson identification, are
used to quantify the performance of jet substructure reconstruction at high transverse momen-
tum, namely the pruned jet mass [25, 26] and N-subjettiness ratio 7, /71 [29, 30]. It turns out the
observed performance loss is actually due to breakdowns in particle reconstruction techniques,
rather than the jet substructure algorithms. This section will describe how the CMS reconstruc-
tion has been optimized for jet substructure reconstruction for Run II. The performance at high
transverse momenta is quantified in terms of W boson identification variables.

7.1 Particle-flow performance

This study uses anti-kr jets with R = 0.8. We analyze the leading pr jet in the event which
is required to have || < 2.4. W+jets are required to be matched with a generated W within
AR < 0.2.

The particle-flow algorithm was described in Section 3, but some more technical details will be
introduced here, as these have particular relevance to the current discussion. In the case of jets,
it is typical that topologically linked clusters and tracks correspond to the traversal of more
than one particle through that region of the detector. The particle-flow algorithm resolves the
linked clusters and tracks as follows:
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1. Charged hadrons are formed from tracks and calorimeter clusters using the best mea-
surement of either the track momentum or the calorimeter energy calibrated for hadrons.

2. If the total calorimeter energy is consistent with the measured track momenta within
resolution, no further candidate particles are formed.

3. If a significant excess of ECAL energy, but not HCAL energy, is found, additional photon
candidates are formed.

4. If a significant excess of ECAL and HCAL energy is found, additional neutral hadron
candidates are formed.

In very high pr jets, particles are very collimated and have high momentum. For such parti-
cles, the track pr resolution degrades and the angular resolution of the HCAL is not sufficient to
measure the angular separation between particles. Not surprisingly, a reduction in the charged
constituent multiplicity of the jet is observed with increasing pr. Typically, the mean charged
multiplicity response drops from +3% at 0.5 TeV to -10% at 3.5 TeV and the multiplicity reso-
lution degrades from 10% to 25%. However, the calorimeters compensate and the combination
of tracking and ECAL information maintains the measurement of particle multiplicity up to
pr = 3.5 TeV, though the mean changes by 11%.

In Figure 21, the distribution of the energy fraction of reconstructed charged hadron candidates
with respect to the jet energy and the corresponding response with respect to the generated
energy fraction of charged hadrons are shown. The mean response drops from +2% at 0.5 TeV
to -68% at 3.5 TeV and the resolution is non-Gaussian already above pt = 1 TeV. Due to the
degraded track resolution at high pr, one cannot maintain an accurate measurement of the
charged hadron energy fraction at high pr. Therefore, the measurement of the spatial energy
distribution in a jet is dominated by the tracker for jet pr < 1.5 TeV, while for higher pr it is
dominated by the ECAL.

13 TeV 13 TeV
c F c 0.5
o 8 AK R=0.8 o r AK R=0.8
g | CMS g CMS
a2 o020 ni<2.4 Simulation Preliminary 2 0 4; i<z Simulation Preliminary
e L — WPFets p,=0.5 TeV, <0.515>,0=0.229 e S0 W PF-jets p,=0.5 TeV, <0.022>,0=0.091
— L 4
'<£ r — WPFjets pT:1 5 TeV, <0.382>,0=0.227 '9 : ........ W PF-jets pT:1.5 TeV, <-0.281>,0=0.326
()] F ()] L
o 0.15 [ W PF-jets p,=3.5 TeV, <0.271>,6=0.218 ko) 0.3 W PF-jets p,=3.5 TeV, <-0.682>,0=0.243
() L 15 r
N F N [
© r © 3
0.1 -
£ g 02r
— — [
o o) C e
Z zZ Logd
0.05 0.1+

% 02 04 06 08 1 0f 05 0 05 1

jet CHF (reco-gen)/gen jet CHF

Figure 21: (left) Reconstructed charged hadronic energy fraction (CHF) in W-jets without sim-
ulation of PU interactions. (right) Relative difference between reconstructed and generated
charged hadronic energy fraction in W-jets without simulation of PU interactions.

The CMS ECAL granularity is 5 times finer than HCAL in both # and ¢. This finer granularity
can be used to improve the spatial resolution needed to perform high-pr jet substructure. In
Figure 22 we compare the number of reconstructed particles in a jet for three scenarios with W-
jets at pr = 2 TeV. The three scenarios differ in the treatment of an excess in ECAL and HCAL
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energy after reconstructing charged hadrons. In the first scenario, referred to as the merged PF
neutrals, the excess is assigned to a single merged neutral particle, which is either a photon or
neutral hadron. In the second scenario, referred to as the split PF photons, we make full use of
the ECAL granularity by creating a photon for each ECAL cluster (in the case of an excess in
ECAL only). In the third scenario, referred to as the split PF neutrals, we treat a simultaneous
excess in ECAL and HCAL differently. In such cases, a neutral hadron is created in the direction
of each ECAL cluster and the total energy measured in ECAL and HCAL calibrated for hadrons
is distributed to the neutral hadrons according to the fraction of the ECAL cluster energy with
respect to the sum of all ECAL clusters considered. While the second scenario is basically
just using all available detector information, the third scenario makes the assumption that the
direction of neutral hadrons can be well approximated by their energy deposits in the ECAL.
This increase in the number of particles has a large impact on the performance of W tagging, to
be discussed in the next section.
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Figure 22: Reconstructed particle multiplicity in W+jets of pr = 2 TeV without simulation of PU
interactions. Three neutral particle reconstruction configurations are compared.

Track reconstruction inside a high-pr jet, where particles are very collimated, with large mo-
menta and small track curvatures, can be improved with dedicated algorithms. While such
algorithms are particularly important for b-hadron identification in jets, they also improve the
measurement of the charged hadron energy fraction in a jet and can extend the region where
tracking dominates the jet substructure measurement to higher pr. In Figure 23 we compare
the charged hadronic energy fraction in a jet for three scenarios for W-jets of pr = 1.5 TeV.
In all scenarios the tracking modifications are studied in addition to splitting neutral hadrons.
The first scenario, referred to as the default tracking, is the iterative tracking algorithm as used
in the reconstruction of the LHC Run I data. In the second scenario, referred to as the jet core
tracking, an additional tracking iteration is run, where the reconstructed jets are taken as addi-
tional seeds for track reconstruction. In the third scenario, referred to as the jet core tracking and
cluster splitting, clusters in the pixel detector are split up such that they can be used to recon-
struct very collimated tracks. For the second scenario, the mean response increases from -28%
to -17% and the resolution changes from 31% to 25%. For the third scenario, the mean response
increases from -17% to -10% and the resolution changes from 25% to 20% with respect to the
second scenario. The impact of this on the performance of W-tagging will be discussed in the
next section.
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Figure 23: (left) Reconstructed charged hadronic energy fraction in W-jets of pp = 1.5 TeV with-
out simulation of PU interactions. Three track reconstruction configurations are compared.
(right) Relative difference between reconstructed and generated charged hadronic energy frac-
tion in W+jets without simulation of PU interactions.

7.2 W tagging performance at high pr

The performance of jet substructure reconstruction is quantified by analyzing the reconstruc-
tion performance of pruned jet mass and 7> /7. Figure 24 shows how the three scenarios of
neutral particle reconstruction perform in terms of pruned jet mass and /7 reconstruction
for W-jets and quark/gluon-jets of pr = 2 TeV. The pruned jet mass resolution for W-jets is sig-
nificantly improved by splitting both photons and neutral hadrons. Also, the pruned jet mass
for quark/gluon-jets is significantly reduced by splitting both photons and neutral hadrons,
giving better discrimination from W-jets. The 72 /1 distribution is pushed to the left for W-jets
and to the right for quark/gluon-jets by splitting both photons and neutral hadrons, giving
better discrimination between quark/gluon-jets and W-jets. Adding the improvements from
tracking, we find the effect of the tracking scenarios on pruned jet mass and /7 to be small.
This is mainly due to the fact that the ECAL-dominated jet substructure reconstruction, which
is used if tracks are not reconstructed with good resolution, performs very similarly to the
tracking-dominated reconstruction.

Figure 25 shows the pruned jet mass scale and resolution as a function of pr. The scale and
resolution are obtained by iteratively fitting to the response a Gaussian function in the range
of £1.5¢ around the Gaussian mean. The pruned jet mass scale is stable up to the highest jet
pr for both W+jets and quark/gluon-jets. The pruned jet mass resolution for W-jets increases
from 5 GeV to 8 GeV while increasing the jet pt from 0.5 TeV to 3.5 TeV. Given the three orders
of magnitude difference between jet pr and pruned jet mass, this is a very good precision. The
pruned jet mass resolution for quark/gluon-jets is about 4 GeV higher than for W-jets, which
can be attributed to the fact that quark/gluon-jets are narrower at the same pr.

Figure 26 shows the W-tagging efficiency and fake rate using a pruned jet mass 60 < 0 <
100 GeV and 72/11 < 0.6 selection as a function of pr. The pruned jet mass selection efficiency
increases up to 1 TeV as a function of pr because below this value some jets do not fully contain
the showers of the two quarks from the W boson decay as discussed in Ref. [1]. Note that for
the pruned jet mass selection, the fake rate is, within the uncertainties, consistent with being
constant. Additionally, for the combined M. and T,/ 71 selection, the efficiency on signal
decreases as a function of pr from roughly 55% at jet pr = 1 TeV to about 45% at 3.5 TeV, while
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Figure 24: Reconstructed pruned jet mass (left) and N-subjettiness 72 /1 (right) of W-jets (top)
and quark/gluon-jets (bottom) of pt = 2 TeV with 40 simulated PU interactions. Three neutral
particle reconstruction configurations are compared.
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the fake rate remains constant. This feature is again attributed to the jet properties and not to
detector effects, since we observe that the generator-level 7, /7y distribution shifts as a function

of pr.
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Figure 27: (left) Performance curve for pruned jet mass and N-subjettiness 1, /1 selection for
different neutral particle and tracking scenarios. (right) Performance curve for pruned jet mass
and N-subjettiness 7,/ 11 selection for two different jet pt of 1 TeV and 2 TeV with detector
simulation with 40 PU interactions and at generator level without PU interactions.

We summarize the performance of different neutral particle and tracking scenarios in terms of
a performance curve in Figure 27 (left). The splitting of neutral particles gives a large improve-
ment in terms of discrimination power over the whole range of efficiency, while the various
tracking configurations perform very similarly.

Finally, we summarize the performance for two different jet pr values, 1 TeV and 2 TeV, in
terms of a performance curve in Figure 27 (right), comparing it also with the performance
expected from generator-level jets. A degradation of performance from 1 TeV to 2 TeV of about
5% signal efficiency at the same fake rate is observed. Comparing the signal efficiency at the
same fake rate, the reconstructed performance is about 5% worse than what one can achieve at
generator-level without pileup interactions.

7.2.1 Summary

With simple modifications, the CMS particle-flow algorithm can maintain the current V tag-
ging performance up to pr = 3.5 TeV and an average of 40 pileup interactions. The CMS
ECAL, thanks to its high precision and granularity, is the key detector component to the perfor-
mance of high-pr jet substructure reconstruction. It follows that CMS will effectively provide
substructure observables across the full range of jet pr expected in Run II.

8 Conclusions

As running extends to higher energies, V tagging will become increasingly important. A robust
and well performing V tagger across all pr ranges and pileup conditions is essential to searches
for new physics. In preparing for the LHC Run II, we have demonstrated our expanded capa-
bility to perform V tagging on all fronts. At low pr, we have introduced a resolved W tagger
that extends identification of hadronic decays of W bosons beyond the traditional method of a
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dijet mass cut. For intermediate pt, where W tagging methods have been well established, we
have advanced beyond the single mass variable, single observable technique of the previous
CMS W tagger by systematically incorporating all discriminating observables into an MVA. At
high pr, we have overcome the difficulties of high boost, further extending V tagging robust-
ness from 1.5 TeV to 3 TeV. In the interest of harmonizing approaches across all pt ranges, we
have introduced a suite of new observables primarily focused on color flow and subjet proper-
ties. Finally, we study these techniques in the high pileup environment, showing performance
reductions of less than 20% under LHC Run II conditions.

These developments have improved the W tagging background rejection by more than 50%
at a fixed efficiency of 0.5 across the full pr range. Furthermore, by expanding the base of V
tagging we have built a strong foundation for which future studies can build upon as the field
continues to evolve.
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