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Abstract

Many physics searches in Run 2 of the Large Hadron Collider involve boosted Higgs bosons,
which decay to two b-quarks with a large branching ratio. The Higgs boson is reconstruc-
ted as a large-R jet and the b-quarks are reconstructed as a pair of b-tagged subjets. This
note documents alternative subjet techniques to reconstruct and identify the two b-jets from
highly-boosted Higgs boson decays. New subjet tagging techniques are investigated, includ-
ing the use of variable radius trackjets, exclusive-kt subjets, and calorimeter subjets recon-
structed in the center-of-mass frame of the Higgs jet. For Higgs jets with large transverse
momenta (>1 TeV), these three new techniques significantly outperform the fixed radius
trackjet tagging technique currently used as the standard method in ATLAS.
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1. Introduction

The ability to reconstruct boosted Higgs bosons1 decaying to pairs of bottom quarks (h→ bb̄) plays a very
important role in the physics program at the Large Hadron Collider (LHC) [1]. Techniques to accomplish
this were developed [2] and in the ATLAS experiment [3] were used throughout Run 1 and Run 2 [4–6].
In particular, the ability to identify high transverse momentum (pT), or boosted h → bb̄ decays in which
the two b-quarks are collimated, has played a central role in extending the sensitivity reach for Beyond the
Standard Model (BSM) physics [7–9]. Conventionally, this is achieved by reconstructing the full hadronic
bb̄ system as a single large radius (large-R) jet and identifying the b-hadrons from the Higgs boson decay
using fixed radius track jets which are then b-tagged. As the ATLAS dataset increases, it will become
more important to extend these techniques to multi-TeV energy regimes to push the reach for new physics
to higher mass scales and also to improve future measurements which will rely on multi-TeV h → bb̄
decays. This note presents three new subjet reconstruction techniques to accomplish this goal. They use
variable radius track jets, exclusive-kt subjets, or calorimeter subjets reconstructed in the rest frame of the
Higgs jet to reconstruct the subjets originating from the b-quarks.

The main inputs to b-tagging algorithms required for the b-hadron reconstruction are the trajectories of
charged particles (tracks) reconstructed in the inner detector (ID) [10, 11]. The ATLAS inner detector
system, consisting of a silicon pixel detector, a silicon micro-strip detector (SCT), and the straw tubes of
the transition radiation tracker, is used to measure the trajectories and momenta of charged particles in the
region 2 |η| < 2.5. The ID surrounds the beam pipe, and is located inside a solenoid magnet that provides
a 2 T axial magnetic field.

Section 2 summarizes the simulated samples used in this study. Section 3 outlines the physics object
reconstruction and event selections applied in this note. The three subjet reconstruction techniques are
presented in detail in Section 4 and comparison of their performance to the conventional method of subjet
b-tagging using fixed radius track jets is discussed in Section 5.

2. Monte Carlo Simulation Samples

A sample of background jets initiated by light quarks and gluons is derived from a multi-jet process sim-
ulated using PYTHIA8 [12] with the NNPDF2.3 leading order (LO) parton distribution function (PDF)
set [13] and the A14 [14] tuned modelling of showering and underlying event parameterisations. Jets
from this sample are refered to as QCD jets. Fully hadronic top quark pair events are used for jets ori-
ginating from hadronic top quark decays (top jets) and are generated using POWHEG [15, 16] interfaced
to PYTHIA6 [17] with the PERUGIA 2012 [18] underlying event tune parameter set and the four flavor
scheme of the CT10 PDF set [19]. The sample of top jets is reweighted on a jet-by-jet basis such that the
large-R calorimeter jet kinematics in pT and η matches that of the QCD jet sample.

1 Throughout this work, the Higgs boson intended for tagging is specified by h and refers to the Standard Model Higgs boson
with mh ∼125 GeV.

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points
upwards. Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of
∆R ≡

√
(∆η)2 + (∆φ)2.
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For the boosted Higgs jets, a sample of high pT Higgs bosons is obtained from the BSM physics simula-
tion of a Randall-Sundrum graviton (G∗) [20] decaying to a pair of Higgs bosons with both Higgs bosons
subsequently decaying to bb̄ pairs with the coupling3 κ/M̄P=1 and the Higgs boson mass set to 125 GeV.
This process is generated using MadGraph5 [21] interfaced with PYTHIA8 and with the ATLAS A14
tune, and NNPDF2.3 LO PDF set. The mass splitting between the massive graviton and the Higgs bosons
provides a boost proportional to the mass of the G∗. Therefore, signal samples have been generated with
graviton masses between 300 GeV and 6000 GeV to fully populate the kinematic region of interest. The
samples of various masses are merged and reweighted on a jet-by-jet basis such that the large-R calori-
meter jet kinematics in pT and η in signal (defined in Section 3) matches that of the QCD jet sample. This
reweighting is intended to mitigate the effects of any bias imposed on account of kinematic differences
present between the unweighted samples. EvtGen [22] is used in all of the samples to model the decays
of b- and c-flavoured hadrons.

The Monte Carlo samples are processed through the full ATLAS detector simulation [23] based on
Geant4 [24]. Additional simulated proton–proton collisions generated using PYTHIA8 with the A2M
tune [25] and MSTW2008LO PDF set [26] are overlaid to simulate the effects of additional collisions
from the same and nearby bunch crossings (pile-up), with a mean number of 22 collisions per bunch
crossing, the average in the combined 2015 and 2016 data taking period. All simulated events are then
processed using the same reconstruction algorithms and analysis chain as would be used for real data.

3. Event and Object Reconstruction and Selections

The goal of this work is to improve the discrimination of Higgs jets from jets originating from multi-jet
events and tt̄ events. The baseline selection and identification procedure for jets follow closely those
described in Ref. [6] and are summarised briefly in this section.

The reconstruction and identification of h → bb̄ decays involves a two step procedure. The first step
is to reconstruct the Higgs boson kinematics by clustering its hadronic decay products within a single
large radius (large-R) calorimeter jet. Calorimeter jets are initially reconstructed from noise suppressed
topological clusters of calorimeter cells which are calibrated to the hadronic energy scale using the local
calibration weighting method [27]. These form the set of constituents from which large-R calorimeter
jets are reconstructed using the anti-kt algorithm [28] with a radius parameter of R = 1.0 and further
trimmed [29] to remove the effects of pileup and the underlying event. Trimming is a grooming technique
in which the original constituents of a large-R jet are reclustered using the kt algorithm [30] with a distance
parameter Rsub in order to reconstruct a collection of subjets within the large-R jet. These subjets are
then discarded if they carry less than a specific fraction ( fcut) of the pT of the original large-R jet. The
optimised values of the trimming parameters are Rsub = 0.2 and fcut = 5% [31]. The large-R calorimeter
jet energy and mass scale are then calibrated to the particle level using correction factors derived from
simulation [32, 33]. From this set of reconstructed large-R calorimeter jets, only those satisfying pT >

250 GeVand |η| < 2.0 are retained for further analysis. Where appropriate, the calorimeter jet mass is
required to be between 76 GeV and 146 GeV which corresponds to a 90% signal selection efficiency to
be consistent with the mass of the Higgs boson [6].

3 The coupling κ/M̄P is the free parameter of the Randall-Sundrum model where κ is a curvature parameter of the model and
M̄P is the Planck mass scale.
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After the reconstruction of the Higgs boson kinematics, the next step is to identify the presence of two
b-hadrons within the large-R calorimeter jet by reconstructing subjets containing the b-hadrons. The
baseline subjet reconstruction algorithm in ATLAS, as presented in Ref. [6], is to use track jets clustered
with the R = 0.2 anti-kt jet algorithm. The inner detector tracks which are used as inputs to the jet
algorithm are required to have pT > 0.4 GeV and |η| < 2.5. In addition, the tracks must have at least 7
hits in total in the pixel and SCT detectors, not more than one hit in the pixel detector shared by multiple
tracks, not more than one missing hit in the pixel detector when it is expected, and not more than two
missing hits in the SCT detector. The longitudinal impact parameter (z0) of the tracks is required to be
|z0 · sin θ| < 3 mm, where measurements are made with respect to the location of the primary vertex,
determined as the reconstructed vertex with the highest scalar sum of the pT of associated tracks. These
requirements greatly reduce the number of fake tracks and tracks from pileup vertices, which ensures that
the reconstructed track jets originated from the hard scatter vertex. The track jets are associated to the
large-R calorimeter jets by using the ghost association method [34, 35], which provides a robust matching
procedure that makes use of the catchment area of the untrimmed large-R calorimeter jet. Track-based
subjets with pT > 10 GeV, |η| < 2.5 and having at least two track constituents are considered in this note.

As alternatives to the baseline subjet reconstruction algorithm above, we present three new algorithms to
improve Higgs jet tagging performance at high pT. The first algorithm extends the baseline algorithm by
using the variable radius (VR) jet algorithm [36] to reconstruct the track jets, with the same input track
selections and large-R calorimeter jet association as the baseline algorithm. The other two algorithms
utilize the calorimeter cell cluster constituents of the trimmed large-R calorimeter jet to reconstruct the
subjets, with one of the algorithms using the exclusive-kt jet algorithm (ExKt) while the other reconstructs
the subjets in the rest frame of the large-R calorimeter jet (the center-of-mass frame, CoM). For both
algorithms, the calorimeter-based subjets are required to have pT > 5 GeV and |η| < 2.5. These algorithms,
as well as the baseline algorithm, are described in greater detail in Section 4 and their performances are
compared in Section 5.

After the reconstruction of the subjets, the identification of the flavour of the subjets is determined using
a multivariate approach based on track and vertex information from the tracks associated with a given
subjet [37]. For all the subjet algorithms, except for the CoM algorithm, tracks are associated exclusively
to a subjet based on their angular separation, ∆R(track, subjet), and the ∆R selection decreases with
increasing subjet pT according to Equation 1.

∆R(track, subjet) < 0.239 + e−1.220−1.64×10−5·pT pT [MeV] (1)

For high pT jets, the ∆R cut plateaus at a value of 0.239. The subjets from the CoM algorithm collect
tracks in the center-of-mass frame of the large-R calorimeter jet within a fixed cone around the subjet
axis. Details about the track association in the CoM algorithm can be found in Section 4.3. The tracks
associated to the jet are selected from a different set of tracks than those used for track jet reconstruction
and follow the selection described in Reference [38]. These tracks are then provided as inputs to b-
jet identification algorithms [37] that individually exploit impact parameter information (IP2D, IP3D),
secondary vertex information (SV1), and b- to c-hadron decay chain information (JetFitter) in a number
of ways. The MV2c10 algorithm then combines information from these algorithms in a boosted decision
tree which is trained to discriminate b-jets from a background sample composed of approximately 93%
light flavour jets and 7% c-jets. This algorithm is described in more detail in Ref. [39].

The flavour-labelling of the large-R calorimeter jets and subjets is characterized by geometrically match-
ing generator-level (truth) particles to the jets. A truth particle is associated to a large-R calorimeter jet if
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it is within ∆R < 1.0 of the large-R calorimeter jet axis and it is associated to a subjet if it is within ∆R
< 0.3 of the subjet axis. If the truth particle is within ∆R < 0.3 of more than one subjet, it is associated
to the subjet closest in ∆R. A Higgs jet is specifically defined as a reconstructed jet with |η|<2.0 and pT
>250 GeV that is matched to two b-hadrons (b1, b2), which are required to have pT > 5 GeV, and one
Higgs boson. In Sections 4 and 5, an additional labelling technique is used to more closely mimic the
large-R jet identification criteria using regions of interest defined by subjets while removing reconstruc-
tion deficiencies entering in the determination of the b-tagging discriminant. This labelling is referred to
as double subjet b-labelling and defines a Higgs jet as a jet in which the two b-hadrons are exclusively
matched to the two leading pT subjets ( j1, j2) with ∆R(b, j) < 0.3.

When identifying Higgs jets based on the fully reconstructed flavour tagging information of the subjets,
two cases are considered. The first, referred to as a double tag, defines a Higgs jet as a large-R jet with at
least two subjets where the two leading pT subjets are both b-tagged using the MV2c10 observable. The
second, a single tag, defines a Higgs jet as a large-R jet with at least one subjet where at least one of the
two leading pT subjets is b-tagged using the MV2c10 observable.

4. Subjet Reconstruction Algorithms

The most common jet algorithms are iterative recombination algorithms which rely on two metrics to
successively combine protojets4 into jets. The metrics are defined to be the pairwise distance di j of two
protojets i and j, and the distance diB between a protojet and the beam axis:

di j = min(p2n
T,i, p2n

T, j) ∆R2
i j (2)

diB = p2n
T,i R2 (3)

where ∆Ri j =

√
(∆yi j)2 + (∆φi j)2 denotes the distance between i and j with ∆yi j being the difference

between the protojet rapidities. The radius parameter R sets the angular scale of the jet algorithm while
n determines the type of jet algorithm. The case n = 0 corresponds to the Cambridge-Aachen (C/A) al-
gorithm [40], the case n = 1 refers to the kt algorithm [30] and n = −1 yields the anti-kt algorithm [28].

The baseline subjet reconstruction algorithm used in ATLAS is the anti-kt jet algorithm with the radius
parameter fixed to be R = 0.2 using tracks as inputs. The fixed-radius track jet approach works well to
identify two b-jets within the large-R calorimeter jet until the hadronisation products from the two b-
quarks from the Higgs boson decay begin to overlap due to the high pT of the Higgs boson. At this point,
the jet algorithm is not able to resolve the two subjets [4]. To mitigate this effect of the fixed angular scale
of the jet algoritm, three alternative methods are developed in the following sections.

Throughout this study, the two primary metrics that are used to benchmark the performance of a given
algorithm are the signal efficiency, to identify jets seeded by a Higgs boson, and the background rejection,

4 Protojets can be constructed from either stable truth particles, calorimeter cell clusters, or charged particle tracks. In this
work, only the latter two are used.
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both for jets seeded by a light quark or gluon (QCD jet) or a top quark. In the case of signal efficiency,
this is defined both at truth level and at reconstruction level as

Double Subjet B-Labelling Efficiency = ε
Double subjet b-label
truth =

N(Double subjet b-label |Higgs jet)
N(Higgs jet)

(4)

Double B-Tagging Efficiency = ε
Double b-tag
reco =

N(double tag |Higgs jet)
N(Higgs jet)

(5)

Single B-Tagging Efficiency = ε
Single b-tag
reco =

N(single tag |Higgs jet)
N(Higgs jet)

(6)

where N represents the number of jets passing the specified requirements described in Section 3. In the
case of background rejection for QCD and top jets, the rejection is defined as the inverse of the efficiency
to accept a background jet, where the initial ensemble of QCD or top jets is taken as the inclusive set of
jets passing the kinematic requirements imposed on large-R jet pT and η.

4.1. Variable-R Track Jets

The first alternative to fixed radius track-based subjets is to apply the technique of using a “variable”
radius jet algorithm. Initially described in Ref. [36], this algorithm modifies the conventional iterative
recombination algorithm by making the radius parameter a function of the jet pT as:

R −→ Reff(pT) =
ρ

pT
(7)

The new parameter ρ determines how fast the effective jet size decreases with the transverse momentum of
the jet. In addition to ρ, the VR algorithm requires two additional parameters, Rmin and Rmax, to impose
lower and upper cut-offs on the jet size, respectively. The additional parameters prevent the jets from
becoming too large at low pT and from shrinking below the detector resolution at high pT. The effective
jet size varies smoothly between Rmin and Rmax. In principle, VR formulations of C/A and kt algorithms
are also possible but are beyond the scope of this note.

The ρ, Rmin and Rmax parameters are scanned to find physically motivated and sensible values for the
parameters of the VR jet algorithm that are to be used in reconstructing track jets from boosted h → bb̄
decays. The scan for each parameter is performed by examining the truth subjet double b-labelling
efficiency of Higgs jets for different values of a given parameter while using fixed values for the other
parameters. The optimal value for each parameter is then chosen to be the value which gives the highest
truth subjet double b-labelling efficiency.

In Figure 1, the truth subjet double b-labelling efficiency is shown for R = 0.2 track jets as a function
of the Higgs jet pT as a benchmark for comparing multiple VR track jet reconstruction techniques with
different combinations of VR algorithm parameters. As seen in Figure 1(a), VR track jets with ρ =

30 GeV have the best truth subjet double b-labelling efficiency over the largest Higgs jet pT range. In
Figure 1(b), the configuration for VR track jets with ρ = 30 GeV and Rmax = 0.4, the Rmin = 0.06 value is
observed to be the optimal value because the truth subjet double b-labelling efficiency is the most stable
as a function of Higgs jet pT compared to other Rmin values. The Rmax value of 0.4 for VR track jets
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Figure 1: Efficiency of subjet double b-labelling at the truth level of a Higgs jet as a function of the Higgs jet pT .
(a) The efficiency for VR track jets with Rmin = 0.02 and Rmax = 0.4 for several ρ values. (b) The efficiency for VR
track jets with ρ = 30 GeV and Rmax = 0.4 for different values of Rmin. (c) The efficiency for VR track jets with ρ =

30 GeV and Rmin = 0.02 for varying values of Rmax. The efficiency for R = 0.2 track jets is also included in all of
the plots. The error bars include statistical uncertainties only.
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with ρ = 30 GeV and Rmin = 0.02 gives the highest truth subjet double b-labelling efficiency across the
whole Higgs jet pT range as shown in Figure 1(c). Furthermore, it can be observed in Figure 1(c) that the
truth subjet double b-labelling efficiency decreases at low Higgs jet pT as the values of Rmax is decreased,
converging to that of the fixed radius track jets for Rmax=0.2. This decrease in performance is expected
for lower pT Higgs jets because the jet is composed of more spread out, lower pT constituents which,
when forced to cluster with a smaller radius algorithm, tend to spawn a greater number of associated
subjets, leading to an increased probability that the b-hadrons will not be associated to the leading two
subjets. Allowing the subjets to grow beyond this bound, as is done with the VR algorithm, mitigates this
effect. Lastly, for all VR parameter combinations, it can be seen that the truth subjet double b-labelling
efficiency using VR track jets is substantially higher at high Higgs jet pT compared to R = 0.2 track jets.
For Higgs jets with 600 GeV < pT < 1000 GeV, the R = 0.2 track jet approach performs better than the
VR track jet approach, and this is studied in more detail in Section 5.

4.2. Exclusive-kt Subjets

Another alternative to fixed radius track jets is the exclusive-kt algorithm, which is a variation of the kt

jet algorithm. While the exclusive-kt algorithm uses exactly the same distance metric as the ordinary
inclusive kt jet algorithm, it will not stop clustering constituents until either all di j are above a certain
threshold, or a certain fixed number of jets are obtained. For the purpose of h → bb̄ tagging, the fixed
number of jets is set to 2, and three different sets of constituents have been tried as input to the ExKt
algorithm in order to better understand its performance. These three ExKt variants are:

• Calorimeter subjets re-clustered from the trimmed large-R calorimeter jet constituents (“ExKt
(Trimmed)”): For a large-R calorimeter jet, many calorimeter cell clusters are from pile-up and
underlying event activities, which leads to incorrect subjet reconstruction. The trimming tech-
nique [29] is able to remove activity unrelated to the h → bb̄ hard process inside the large-R
calorimeter jet before any splitting procedure is performed.

• Calorimeter subjets re-clustered from the untrimmed large-R calorimeter jet constituents (“ExKt
(Untrimmed)”): It has been found that the trimming procedure might incorrectly remove decay
products from soft b-hadrons from the h → bb̄ decay, especially when the boost direction of the
Higgs boson is anti-parallel to the b-hadron direction in the center-of-mass frame of the Higgs
boson [4]. Exclusive-kt subjet finding would consequently fail to divide the large-R jet into two
subjets corresponding to the two b-hadrons. Therefore, applying ExKt to the untrimmed large-R jet
is also studied here.

• Subjets re-clustered from tracks ghost associated to the untrimmed large-R calorimeter jet (“ExKt
Track Jets”): One technique that might overcome the problems from the two methods previously
described is to use tracks ghost associated to the untrimmed large-R jet as inputs to the exclusive-kt

algorithm. Due to the excellent resolution of the tracking system, it is possible to see whether or
not a track comes from pile-up by extrapolating it to the primary vertex. The selection of tracks
is the same as that used for R = 0.2 and VR track jets, and is described in Section 3. However,
there will still be some inefficiency when using tracks due to the loss of information from neutral
particles.

A significant feature of the exclusive-kt algorithm is that, unlike an inclusive algorithm, it does not have a
distance parameter. This suggests that there is no intrinsic angular lower bound on the distance between
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subjets. Furthermore, since exclusive-kt with exactly two subjets is equivalent to reversing the jet cluster-
ing with the kt algorithm for the last clustering step, exclusive-kt effectively splits the large-R calorimeter
jet into two parts, each of which is used to define a region of interest that is expected to contain one
b-hadron from the h → bb̄ decay. This technique is particularly useful in the case of very high pT Higgs
jets because the jet is divided into two components by construction, thereby more closely resembling the
h→ bb̄ topology.
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Figure 2: For the set of large-R jets before (left) and after (right) the Higgs boson mass cut 76 < mH < 146 GeV, the
probability that both leading and subleading subjets have exactly one b-hadron matched for different exclusive-kt

variations, as function of Higgs jet pT. The error bars include statistical uncertainties only.

In practice, the exclusive-kt algorithm might not split the large-R calorimeter jet appropriately : the al-
gorithm might incorrectly reconstruct the two subjets, with both b-hadrons matched to only one of the
subjets. This would mostly be due to detector resolution, pile-up, underlying event and parton shower.
Nevertheless, Figure 2 shows the truth subjet double b-labelling efficiency as a function of Higgs jet pT

for both the inclusive sample of Higgs jets described in Section 3 and only those that satisfy the Higgs
boson mass cut 76 < mH < 146 GeV and shows that the exclusive-kt algorithm can in general maintain a
very high probability of correct splitting, even in the case of extremely high pT Higgs jets.

Furthermore, a large difference on the truth labelling efficiency can be seen in Figure 2 before and after
applying the Higgs mass window cut. Before the mass window cut, the truth labelling efficiency is around
80% when subjets are built from trimmed jet constituents. This increases to around 90% by using subjets
associated to the untrimmed jet, due to efficiency recovery from soft b-hadrons that are trimmed out. Since
jets with these soft b-hadrons trimmed out typically fall below the Higgs mass window, such an efficiency
margin between two different variations of exclusive-kt gets much smaller when the Higgs mass window
cut is applied. Moreover, it is observed that in this kinematic region of interest near the Higgs mass, the
expected improvement against increased resolution coming from using track jets is not greater than by
grooming the calorimeter jet and the truth labelling efficiency becomes flat between 90 ∼ 95% across a
wide range of large-R calorimeter jet pT after the Higgs mass window cut is applied.

Figure 3 shows the distribution of ∆R between the subjet axis and the associated b-hadron flight direction.
This can provide another view on how the b-hadron is reconstructed by the exclusive-kt algorithm once
the splitting is done. A good ∆R alignment is observed across various pT ranges. Furthermore, it can
be seen that the alignment of ∆R is much better when tracks are used as the input to the exclusive-kt

algorithm. It has been observed in previous ATLAS studies that track jets are able to obtain a better
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∆R resolution than calorimeter-based jets [4]. However, given the alignment of ∆R is already very good,
with position of peak less than 0.02 in most cases, differences of ∆R alignment as observed here would
not necessarily lead to improvements in the b-tagging performance, as the tracks used for b-tagging are
gathered in a cone around the jet axis which shrinks as a function of jet pT until it plateaus at a ∆R value
slightly greater than 0.2, as described in Section 3.
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Figure 3: ∆R distribution between reconstructed subjet axis and associated b-hadron flight direction for low and
high pT regions for leading and subleading exclusive-kt subjets. The error bars include statistical uncertainties only.

Figure 4 shows the MV2c10-based double b-tagging QCD jet rejection as a function of Higgs jet pT for
a fixed Higgs jet efficiency of 50% for all variations of the exclusive-kt algorithm, both with and without
a mass cut. Analogous plots for top jet rejection are shown in Figure 5. As seen in these figures, the
performance is not optimal for a single choice of inputs for the subjet reconstruction when examining
the background rejection. Instead, the optimal choice depends both on the type of background jet against
which the identification technique is discriminating as well as the kinematic regime. For instance, when
comparing the rejection power against QCD jets prior to the application of a Higgs jet mass window
cut, at low pT the “ExKt (Untrimmed)” algorithm is optimal whereas at higher pT the “ExKt Track Jet”
algorithm is optimal. However, after applying the Higgs jet mass window cut, the performance difference
between the three algorithms decreases with the “ExKt (Trimmed)” subjet choice performing better at low
pT both in the case of QCD jets and top quark jets. Because of this observation, along with the fact that
the “ExKt (Trimmed)” subjet collection is found to have the best truth subjet double b-labelling efficiency
after the Higgs mass window cut is applied as in Figure 2, the “ExKt (Trimmed)” subjet collection is used
for the rest of the studies presented in this note.
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Figure 4: For the ExKt subjet b-tagging algorithm using three different sets of subjet inputs (calorimeter cell clusters
from the ungroomed jet, calorimeter cell clusters from the trimmed jet, and charged tracks), the rejection against
QCD jet background as function of Higgs jet pT for a fixed Higgs jet double b-tagging efficiency of 50% both
without (left) and with (right) a Higgs jet mass window requirement. The error bars include statistical uncertainties
only.
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Figure 5: For the ExKt subjet b-tagging algorithm using three different sets of subjet inputs (calorimeter cell clusters
from the ungroomed jet, calorimeter cell clusters from the trimmed jet, and charged tracks), the rejection against
top jet background as function of Higgs jet pT for a fixed Higgs jet efficiency of 50% double b-tagging both without
(left) and with (right) a Higgs jet mass window requirement. The error bars include statistical uncertainties only.
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4.3. Exclusive Center-of-Mass Calorimeter Subjets

Jet substructure information in the center-of-mass frame defined by the reconstructed jet four-momentum,
in this case the large-R trimmed jet described in Section 3, has been shown to discriminate effectively
between hadronically-decaying high pT W or Z bosons and QCD jets [41, 42]. This method can also be
applied to the identification of a high pT Higgs boson decaying to a bb̄ quark pair [43]. In this approach,
the jet constituents belonging to the large-R calorimeter jet are boosted to the center-of-mass frame of
the large-R calorimeter jet (jet rest frame). In this study, the center-of-mass frame is defined as the
reference frame in which the four-momentum of the large-R calorimeter jet is equal to pµ = (mjet, 0, 0, 0)
and mjet is the invariant mass of the large-R calorimeter jet. In the jet rest frame, the constituents of
the large-R calorimeter jet are reclustered using the EECambridge jet algorithm [44] to form subjets.
The EECambridge jet algorithm sequentially combines calorimeter cell clusters with the smallest angular
separation yi j = 2 × (1 − cos θi j), where θi j is the angle between the momenta of the ith and jth energy
cluster in the jet rest frame. The algorithm stops either when yi j exceeds the cut-off value ysubjet

cut or a
certain fixed number of subjets is reached, and in this case, as with the exclusive-kt algorithm described
in Section 4.2, the CoM clustering algorithm stops when exactly two subjets are found, one for each of
the b-quarks from the Higgs boson decay.

The track-to-jet association also adopts the idea of boosting the constituents, in this case charged ID
tracks, to the CoM of the large-R calorimeter jet. The following procedure is applied to each event:

• All tracks which pass the pre-selection, detailed in Section 3, are considered in turn. For the large-
R calorimeter jet under study, those tracks satisfying ∆R(track, large-R calorimeter jet) < 1.0 are
associated to the large-R calorimeter jet in the laboratory frame.

• The tracks matched to the large-R jet are boosted into the jet rest frame.

• The angular distance yi j is calculated between each track and subjet in the CoM, where i represents
the ith track and j the jth subjet. When yi j < ytrack

cut , the ith track is associated to the jth subjet. The
parameter ytrack

cut is a cone size parameter analogous to the R parameter in the anti-kt algorithm. Each
track can only be associated to the subjet which is closest to it.

• The subjets and tracks are boosted back to the laboratory frame after association.

The tracks associated to each subjet after this association procedure are used in the calculation of the
flavour tagging weight, MV2c10. The CoM algorithm, by definition, has a variable cone size for track
association in the lab frame, as the cone size (ytrack

cut ) is fixed in the center-of-mass frame. When the subjets
and tracks are boosted back to the CoM frame, the cone size depends on the four momentum of the Higgs
candidate, the large-R jet, and the decay angle of the b-quarks from the Higgs direction. In this sense, the
CoM algorithm can be viewed as an adaptive variable cone size algorithm in the lab frame in which the
cone size depends on the jet momentum and Higgs decay topology.

To determine the value to use for the ytrack
cut parameter, the double b-tagging background rejection at fixed

signal efficiencies of 50% and 70% are shown for a few ytrack
cut values (0.6, 0.7, 0.8 and 0.9) in Figure 6.

No strong trend is seen in the performance when scanning this parameter. At a fixed signal efficiency of
50%, ytrack

cut = 0.6 performs better in terms of QCD jet rejection for pT < 800 GeV whereas there is little
dependency on this parameter when evaluating the top jet rejection. For the signal efficiency working
points tested, no ytrack

cut parameter is found to be optimal across the whole pT region and ytrack
cut = 0.8 is

chosen as the configuration used for CoM subjet reconstruction.
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Figure 6: Double b-tagging rejection of QCD jets (left) and top jets (right) at fixed signal efficiencies of 50%(top)
and 70%(bottom). The track-to-subjet association cone size parameter, ytrack

cut , in the CoM method is studied. Values
of ytrack

cut are varied from 0.6 to 0.9 with a step of 0.1. At the signal efficiency of 50% ytrack
cut = 0.6 performs better in

terms of background rejection at pT < 800 GeV. The error bars include statistical uncertainties only.

5. Results

To benchmark the performance of the VR, exclusive-kT , and CoM algorithms, it is useful to compare
performance metrics both with b-tagging and without b-tagging. Without directly applying the MV2c10
b-tagging discriminant it is still possible to study how well the alternative algorithms reconstruct the b-
hadrons from Higgs boson decays using the b-hadron truth information. These comparisons are useful
because the MV2c10 b-tagging performance itself drops at high pT and additionally the MV2c10 training,
which is taken from the standard training for anti-kT R=0.4 jets built from calorimeter cell clusters, is
expected to be suboptimal when applied to both the standard R = 0.2 track jets and the subjets from
the alternative algorithms. This is because the training includes kinematic observables which behave
differently for different types of jet collections; these differences may propagate into the final performance
obtained for the different subjet types. However, it is still important to apply MV2c10 to the alternative
algorithms in order to benchmark their performance in as close a way as possible to what would be done
in a physics analysis.
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5.1. Comparisons without b-tagging

One metric of b-hadron reconstruction performance is the ∆R separation between a subjet axis and the
nearest matched truth b-hadron. For Higgs jets with low pT (250 GeV < pT < 400 GeV), R = 0.2 and
VR track jets reconstruct axes closer to the truth b-hadrons than the calorimeter-based exclusive-kT and
center-of-mass subjets, as can be seen in Figures 7(a) and 8(a). As mentioned previously in the discussion
of ExKt in Section 4, it is a well-known feature that track jets tend to have a better ∆R resolution than
calorimeter-based jets. For Higgs jets with high pT (1500 GeV < pT < 2000 GeV), the leading R = 0.2
track jet’s ∆R separation shows a pronounced shoulder as in Figure 7(c), which corresponds to cases
where the two b-hadrons become reconstructed as one track jet which is off-axis from both of the b-
hadrons. However, the VR, exclusive-kT , and CoM ∆R distributions exhibit the same qualitative features
from low to high large-R jet pT. For these same high pT Higgs jets, the subleading R = 0.2 track jet
retains a small ∆R separation to the truth b-hadron, however reconstructing two R = 0.2 track jets for
Higgs jets in this pT region is rare, as is indicated by the small area under the normalized distributions in
Figure 8(c).
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Figure 7: Distributions of the ∆R between leading subjets and matched truth b-hadrons for three different Higgs
jet pT bins. The error bars include statistical uncertainties only. All algorithms have been normalized to an area
corresponding to the fraction of signal jets which contain a leading subjet.
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Figure 8: Distributions of the ∆R between subleading subjets and matched truth b-hadrons for three different Higgs
jet pT bins. The error bars include statistical uncertainties only. All algorithms have been normalized to an area
corresponding to the fraction of signal jets which contain a subleading subjet.

Another useful metric is the ∆R separation between the subjet axes themselves. The ∆R between the
truth b-hadrons decreases with increasing Higgs boson pT , and this behavior should be apparent in the
reconstructed subjets. As can be seen from Figure 9, for Higgs jets with 250 GeV < pT < 1000 GeV, the
∆R of the leading subjets from all techniques match the behavior of the truth b-hadrons well. However, for
Higgs jets with pT > 1000 GeV, only the leading subjets from the alternative subjet finding techniques
are able to match the behavior of the truth b-hadrons. This indicates that, in addition to having a low
efficiency to reconstruct two subjets in this high pT regime, when the R = 0.2 track jet technique does
reconstruct two subjets, the behavior of their ∆R separation does not match that of the truth b-hadrons.
Instead, the leading track jet is found in the core of the large-R jet and contains both b-hadrons, as is seen
from the poor ability to reconstruct the b-hadron direction in Figure 7(c), whereas the subleading track
jet is reconstructed from additional radiation within the jet but far from its core and not coming from a
b-hadron.

Perhaps the most direct performance comparison metric between the different subjet reconstruction al-
gorithms which does not require b-tagging is the efficiency for a Higgs jet to have its two leading asso-
ciated subjets matched to truth b-hadrons. This truth efficiency (εDouble subjet b-label

truth ) metric is plotted as
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Figure 9: The ∆R between the two leading truth b-hadrons or subjets associated to Higgs jets as a function of Higgs
jet pT . The error bars include statistical uncertainties only.

a function of Higgs jet pT in Figure 10. For Higgs jets with pT < 1000 GeV, all subjet reconstruction
techniques have high truth double b-tagging efficiencies. However, for Higgs jets with pT > 1000 GeV,
the efficiency for R = 0.2 track jets decreases rapidly, while the other alternative techniques retain a high
efficiency up to 3000 GeV.

To better understand why the truth double b-tagging performance of the R = 0.2 track jet tagger is better
than that of the VR track jet tagger for Higgs jets with 600 GeV < pT < 1000 GeV, a slight variation
of truth double b-tagging is studied. In Figure 11, it is seen that for a large fraction of large-R jets (30%
to 40%), there are three VR track jets, as opposed to the expected number of two. In these cases, only
considering the two leading pT subjets leads to an inefficiency in correctly labelling the jet as a Higgs
jet when this additional track jet is the one that should have been queried for b-labelling. To mitigate
this effect, the variation that is implemented considers the three leading subjets, and requires that two out
of the three be truth matched to a b-hadron. This truth double b-tagging variant efficiency is plotted vs
Higgs jet pT in Figure 12. The R = 0.2 and VR track jet efficiencies are higher when the third leading
subjet is considered, and the VR track jet efficiency is larger than the R = 0.2 track jet efficiency. This
indicates that VR track jets reconstruct one of the b-hadrons as the third leading subjet more frequently
than R = 0.2 track jets.

In general the alternative subjet reconstruction techniques outperform the R = 0.2 track jet technique in
terms of b-hadron axis reconstruction for high pT Higgs jets.
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Figure 10: The efficiency for a Higgs jet to have its two leading associated subjets matched to truth b-hadrons vs
Higgs jet pT . The error bars include statistical uncertainties only.
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this figure, a Higgs jet mass window cut of 76 GeV < m jet < 146 GeV is applied.
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Figure 12: The efficiency for a Higgs jet to have two of the leading three associated subjets matched to truth b-
hadrons vs Higgs jet pT . The error bars include statistical uncertainties only. The results for ExKt and CoM shown
here are identical to those in Figure 10 but are presented for comparison.

5.2. Comparisons with b-tagging

Further insight into the performance of these techniques can be gained by applying MV2c10-based b-
tagging instead of truth b-labelling, however it must be stressed that the b-tagging MVA is trained on
R = 0.4 calorimeter jets, so it will be suboptimal on all subjet algorithms considered here.

Based on the comparison results from the previous subsection, it is expected that all subjet techniques will
result in similar b-tagging performance for low pT Higgs jets, while the double b-tagging performance of
the R = 0.2 track jet technique should degrade significantly more than that of the alternative techniques
for high pT Higgs jets. This can be seen in the receiver operating characteristic (ROC) curves shown
in Figures 13 and 14, which benchmark the double b-tagging performance of the algorithms by plotting
the QCD jet and top jet rejection as a function of Higgs jet efficiency, respectively. The new taggers
outperform the standard R = 0.2 track jet tagger increasingly more at higher pT.

The double b-tagging ROC curve for QCD jets in the pT region 800 GeV < pT < 1000 GeV confirms
that in this region R = 0.2 track jets largely outperform VR track jets. However, in the 800 GeV <

pT < 1000 GeV region, R = 0.2 track jets also outperform exclusive-kT subjets. In this pT region, the
two b-hadrons from Higgs boson decay start to get closer. This makes it more difficult for a ∆R based
track-to-jet matching in the laboratory frame, which happens to VR track jets and exclusive-kT subjets.
With the advantage of the track-to-jet association in the CoM frame of the Higgs boson, where the two
b-hadrons are back to back, the performance of the CoM algorithm is better than that of the R = 0.2 track
jets.

Another interesting note is that from Figures 7 and 8, it is expected that the R = 0.2 and VR track
jets reconstruct the b-hadron axes better than the calorimeter-based exclusive-kT and CoM subjets and

18



should therefore have an improved determination of the MV2c10 b-tagging discriminant on account of
improved track-to-subjet association as described in Section 3 as well as determination of fundamental
tagger discriminants, like JetFitter and IP3D, which depend on the axis direction [37]. However, because
the tracks used by the b-tagging algorithms are collected within a radius around each jet axis which is
greater than or equal to 0.239, this improvement in reconstruction will not lead to an improved association
and an improved b-tagging discriminant reconstruction. In fact, when considering the performance of
the various subjet reconstruction techniques using fully reconstructed b-tagging as in Figures 13 or 14,
CoM subjets are found to perform better than VR track jets indicating that this improvement in angular
resolution is smaller than the level at which the simple taggers are sensitive.

The single b-tagging performance of the algorithms is benchmarked for QCD and top jet backgrounds in
Figures 15 and 16, respectively. Since all algorithms are typically able to reconstruct at least one subjet,
the single b-tagging performance of the algorithms are quite similar, though the new taggers do start to
show an improvement over the R = 0.2 track jet tagger for Higgs jets with high pT.

Another useful way to represent the information in the ROC curves is to pick a fixed Higgs jet efficiency
and plot the QCD and top jet rejection as a function of pT holding the signal efficiency fixed by varying
the selection on MV2c10 for the subjets dynamically as a function of the large-R jet pT. Evaluating the
QCD and top jet rejection for a fixed Higgs jet efficiency of 50% from the ROC curve data results in
Figures 17 and 18 for double and single b-tagging, respectively. In this evaluation of the performance,
the selection value of MV2c10 is tuned as a function of pT separately in each case to provide the fixed
signal efficiency and is not the same in each case. In comparing Figures 17 and 18 in the case of QCD
background jets, the performance of double b-tagging is improved when using the advanced algorithms.
However, at high pT (>1500 GeV) it is preferable to apply a single b-tagging selection as this allows
for a tighter selection of MV2c10 on either of the two leading subjets, the reconstruction of which has
itself been improved by the alternative subjet finding techniques as examined in Section 5.1. However,
in the case of background top jets, applying a double b-tagging selection is better than single b-tagging.
Therefore, when applying these techniques, it is preferable to have the knowledge of the composition of
the background that is faking the Higgs jet signal.
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Figure 13: QCD jet rejection as function of h→ bb̄ jet efficiency when applying double b-tagging on subjets found
by the R = 0.2 track jet, VR track jet, exclusive-kT subjet, and CoM subjet algorithms in different pT regions. The
error bars include statistical uncertainties only.
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Figure 14: Top jet rejection as function of h → bb̄ jet efficiency when applying double b-tagging on subjets found
by the R = 0.2 track jet, VR track jet, exclusive-kT subjet, and CoM subjet algorithms in different pT regions. The
error bars include statistical uncertainties only.
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Figure 15: QCD jet rejection as function of h → bb̄ jet efficiency when applying single b-tagging on subjets found
by the R = 0.2 track jet, VR track jet, exclusive-kT subjet, and CoM subjet algorithms in different pT regions. The
error bars include statistical uncertainties only.
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Figure 16: Top jet rejection as function of h → bb̄ jet efficiency when applying single b-tagging on subjets found
by the R = 0.2 track jet, VR track jet, exclusive-kT subjet, and CoM subjet algorithms in different pT regions. The
error bars include statistical uncertainties only.
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Figure 17: QCD and top jet double b-tagging rejection as a function of pT for a fixed Higgs jet efficiency of 50%.
The error bars include statistical uncertainties only.
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Figure 18: QCD and top jet single b-tagging rejection as a function of pT for a fixed Higgs jet efficiency of 50%.
The error bars include statistical uncertainties only.

6. Conclusion

Three new Higgs tagging techniques using subjets have been developed which show strong perform-
ance improvements over the nominal R = 0.2 track jet technique for identifying h → bb̄ decays with
pT > 1000 GeV. The variable radius track jet, exclusive-kT subjet, and center-of-mass subjet techniques
outperform the R = 0.2 track jet technique in this pT region in both b-tagging metrics and performance
metrics which do not involve b-tagging (e.g. b-hadron axis reconstruction). Across the jet pT range stud-
ied, the CoM algorithm has the best performances among the Higgs tagging techniques under study. In
addition to the subjet reconstruction optimizations investigated here a number of additional identification
methods can further be optimized in the future. These include alternative track-to-subjet association prior
to the determination of the flavor tagging discriminant as well as the optimization of the multivariate-
based discriminant itself. These investigations as well as those concerning data modelling and systematic
uncertainties are outside the scope of this note and will provide an important next step for future work.
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Appendix

A. Subjet Reconstruction Cartoons

Figures 19-22 show illustrative cartoons to conceptually understand the working principles of the various
subjet reconstruction techniques.

R=1.0 Trimmed Calo Jet

R=0.2 Track Jet
R=0.2 Track Jet

C

hBeamline

Primary Vertex

BB

Figure 19: Cartoon illustrating subjet reconstruction using fixed radius R=0.2 track jets.

hBeamline
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C
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hBeamline
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C

B

R=0.2 Track Jets VR Track Jets

Figure 20: Cartoon illustrating subjet reconstruction using variable radius track jets.
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Figure 21: Cartoon illustrating subjet reconstruction using exclusive-kT subjets.
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Figure 22: Cartoon illustrating subjet reconstruction using CoM subjets.
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B. Sample Event Counts

For completeness, Table 1 provides a summary of the information for the event samples used in this
analysis and shown in Figure 23 is the large-R calorimeter jet pT spectrum of the multijet sample, to
which the signal is reweighted as described in Section 2. This precise information is presented because
the analysis is divided into regions of Higgs jet pT, each of which can be populated by ensembles of events
originating from a number of Graviton samples of different masses. It is found that the signal efficiency
for a fixed selection is dependent on the G∗ mass sample from which they are derived. Therefore, for
reproducibility, these details are presented.
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Figure 23: The large-R jet pT spectrum from the combined sample of jets from the multijet samples listed in Table 1
with each sample weighted according to its theoretical cross section. When evaluating the performance of the
tagging methods throughout this note, the Higgs jet and sample of jets from tt̄ were both weighted on a jet-by-jet
basis such that the resulting pT spectra of each sample matches that shown here.
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Sample Type Specifier Value Nevents Jets Used Jet-by-Jet Weighting
300 79800

G∗ → hh , G∗Mass 400 99800 “Higgs Jets” Reweight to multijet
h→ bb̄ 500 94400 (Section 3) : in large-R jet(pT,η)

600 99800 ∆R(J, x) <1.0
700 54800 x=(h,b1,b2)
800 70000 pT >250 GeV
900 83000 |η|<2.0
1000 10000
1100 99800
1200 99800
1300 19800
1400 99600
1500 99400
1600 99800
1800 15000
2000 89800
2250 99800
2500 60000
2750 59600
3000 78000
4000 100000
4500 99000
5000 99000
6000 99000

[1100-1300) 550000
tt̄ mtt̄ [1300-1500) 230000 Inclusive Reweight to multijet

sliced [1500-1700) 100000 pT >250 GeV in large-R jet(pT,η)
[1700-2000) 75000 |η|<2.0

[2000-14000) 45000
[160-400) 106

Multijet Truth jet pT [400-800) 106 Inclusive Theory cross section
sliced [800-1300) 106 pT >250 GeV

[1300-1800) 106 |η|<2.0
[1800-2500) 106

Table 1: The graviton mass value (mG∗ ) and the number of simulated events (Nevents) for each MC signal graviton
sample. Summarized in the “Jets Used” column is the set of jets from the respective sample used in the evaluation
of performance of the tagging methods. Summarized in the “Jet-by-Jet Reweighting” column is the weight applied
per jet when evaluating the performance.
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C. Truth level based subjet b-tagging efficiency

The goal of tagging a Higgs boson decaying to bb̄ is to identify the presence of the two b-hadrons via the
use of regions of interest defined by subjets within the large-R jet. However, if these regions of interest do
not accurately reconstruct the directions of the b-hadrons, then the ability to make a positive identification
of a Higgs jet when it is seeded by a Higgs boson, is hindered. In some cases, this may be due to the
presence of additional radiation in a subjet which biases its direction away from the b-hadron (e.g. in
ExKt or CoM) or due to the algorithm reconstructing more than two subjets (in the case of the fixed and
variable radius track jets), which causes combinatorial difficulties when determining which of the subjets
to use to identify the jet as a Higgs jet or not. Knowing the precise composition of these cases can provide
added insight into the failures and merits of each technique.

Figures 24 and 25 show (for the pT bins used in the main body of the note and for a set of more finely
balanced pT bins, respectively) the decomposition of the labelling of subjets within the sample of signal
Higgs jets for different Higgs jet pT intervals. On the x-axis of each plot is the subjet reconstruction
algorithm, with variable radius track jets on the left, exclusive-kt and CoM subjets in the center, and
fixed radius track jets on the right. On the y-axis are the various categories of how a large-R jet can be
decomposed into subjets, showing separately the categories for one, two, three, four, and five or greater
subjets as determined by the respective algorithm. Each category is further subdivided into the manner in
which the set of subjets has the pair of b-hadrons distributed among them. For example, in the case of two
subjets, the “(20/02)” label means that either both b-hadrons were matched to the leading subjet (“20”) or
both were matched to the subleading subjet (“02”). A more precise description of all the categories is as
follows :

• 1 subjet: Higgs jet has exactly 1 subjet.

– (0): The only subjet has no associated b-hadron.

– (1): The only subjet has exactly 1 associated b-hadron.

– (2): The only subjet has exactly 2 associated b-hadrons.

• 2 subjets: Higgs jet has exactly 2 subjets.

– (00): Neither subjet has any associated b-hadrons.

– (10/01): Either the leading subjet or the sub-leading subjet has exactly 1 associated b-hadron.

– (11): Both subjets have exactly one associated b-hadron

– (20/02): Either the leading subjet or the sub-leading subjet has exactly 2 associated b-hadrons.

• 3 subjets: Higgs jet has exactly 3 subjets.

– (000): None of the subjets have any associated b-hadrons.

– (100/010): Either the leading subjet or the sub-leading subjet has exactly 1 associated b-
hadron.

– (110): The leading and sub-leading subjets each have exactly 1 associated b-hadron.

– (101/011): The third leading subjet and one of either the leading or subleading subjets have
exactly 1 associated b-hadron.
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– (200/020/002): Either the leading subjet or the sub-leading subjet or the sub-sub-leading
subjet has exactly 2 associated b-hadron.

– (001): Only the third leading subjet has exactly one associated b-hadron.

• 4 subjets: Higgs jet has exactly 4 subjets.

– (1100): The leading and sub-leading subjets have exactly 1 associated b-hadron.

– (Others): Does not fall into the subjet category above.

• More than 4 subjets: Higgs jet has more than 4 subjets.
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Figure 24: Category efficiency matrix for different subjet collections in various Higgs jet pT regimes. In this figure,
a Higgs jet mass window cut of 76 GeV < m jet < 146 GeV is applied.
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Figure 25: Category efficiency matrix for different subjet collections in various fine Higgs jet pT bins. In this figure,
a Higgs jet mass window cut of 76 GeV < m jet < 146 GeV is applied.
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