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1 Introduction

Many analyses of proton-proton (pp) collision data from the CERN LHC rely crucially on

distinguishing hadronic decays of massive particles with a large Lorentz boost reconstructed

as a single large-radius (large-R) jet from the overwhelming background of jets produced by

quantum chromodynamics (QCD). Large-R jets are typically reconstructed using the infrared-

and collinear-safe anti-kp algorithm [1, 2] with a large value of the distance parameter,

R > 0.8. Large-R jets originating from heavy resonances will typically contain multiple

‘prongs’, localized clusters of energy within the collection of final state particles of the jet,

corresponding to the fragmentation and hadronization of the multiple colored partons from



the resonance decay. In contrast, jets from QCD are characterised by a hard core surrounded
by soft and collinear radiation, and thus contain only a single prong. Observables based on
the substructure of the jet, i.e., the distribution of the energy among the jet’s constituents, are
used to reject QCD background and select events enhanced in signal-like characteristics [3-5].
Modern methods make extensive use of machine learning to achieve optimal discrimination
performance [6-9]. These methods are generally developed and optimized using Monte Carlo
(MC) simulations, which, despite continual advances, are known to have deficiencies in the
modeling of substructure observables [10, 11]. This mismodeling causes several difficulties
for physics analyses making use of jet substructure.

Analyses searching for a signal that produces a multiprong jet often use selection criteria
based on jet substructure observables, referred to as jet tagging, to help remove the large
QCD background. However, it can be difficult to estimate the efficiency of such a selection in
the signal process because of the known mismodeling in simulation. Typically, a sample of
representative standard model (SM) jets with similar substructure to the signal process is
used for measuring the efficiency of the selection in data and for computing a scale factor
(SF) to correct the efficiency in simulation [6, 8, 12, 13]. However, only two-prong jets, due
to W and Z bosons, and three-prong jets, due to top (t) quarks, are produced in sufficient
abundance in the SM, meaning this procedure cannot be performed for signals producing
jets with four or more prongs (high-pronged). For such processes, including beyond-the-SM
(BSM) particles producing large-R jets with a large number of prongs [14-17] and decays
of boosted Higgs bosons via WW™ or ZZ" to four quarks, there is no suitable SM process
to use as a calibration tool. This lack of a suitable proxy poses a significant challenge in
interpreting searches for such signatures.

This paper describes a new approach to correct the simulation of large- R multiprong
jets and solve these challenges. To derive the calibration and validate its efficacy, data are
used corresponding to an integrated luminosity of 138 fb! collected by the CMS experiment
in 2016-2018 at a center-of-mass energy of 13 TeV. The proposed technique is generic,
applicable to jets containing a large number of prongs, provided that each prong of the
jet is produced by an SM quark. Our technique is based on reclustering the jet into a
fixed number of subjets, such that each subjet encapsulates the showering of a single quark
from the initial hard interaction. The radiation patterns in each of these individual prongs
can be corrected separately and then combined to obtain a correction for the full jet. The
procedure relies on the assumption that the radiation pattern of individual prongs in low-
and high-prong jets are similar, such that the modeling of high-prong jets can be corrected
from a per-prong calibration derived from low-prong jets. We validate this assumption in
studies using data and simulation.

The correction for a single prong is based on an estimate of the Lund jet plane (LJP)
density [18] of subjets in data and simulation. The LJP provides a two-dimensional represen-
tation of the radiation pattern inside jets. It encodes the phase space density of different types
of splittings, in terms of momentum transfer and angular separation, inside the radiation
pattern of a jet. The ratio between data and simulation of the LJP density is used to
reweight each subjet based on the likelihood of its splittings. Finally, the correction for the
full radiation pattern of the multiprong jet is given by the product of corrections for each of



its subjets. In this paper, only prongs originating from quarks are considered. In principle,
this method can be applied to gluon-initiated subjets, but a different correction must be
derived since gluon-initiated subjets are expected to have a different radiation pattern from
those originating from quarks. Multi-gluon jets would have larger color reconnection effects
between the different prongs, which complicates the factorization of the large- R correction
into separate per-prong corrections.

Because this method corrects the underlying radiation pattern of a simulated multiprong
jet, it can also be used to obtain a more accurate estimate of the efficiency of substructure-
based selection criteria, as well as the corresponding uncertainty. The correction is quantified
as an SF, defined as the ratio of the efficiency as computed from a more accurate method
(e.g., after the LJP substructure correction or measured using an SM proxy) to the efficiency
in simulation. The SFs are used to compare the LJP method with existing methods using
abundant SM proxy processes, and good agreement is observed. Although the LJP method
generally has larger uncertainties than existing methods for these low-pronged signals, it can
be additionally applied to high-pronged signals which are not covered by existing methods.

The per-splitting correction is derived from a sample of large-R jets originating from
boosted W bosons (referred to as W jets) in a region enriched in leptons+jets tt events,
i.e, where the W boson from one top decays leptonically and the W boson from the other
top decays hadronically. Boosted W bosons are used to derive the correction because their
decays produce a clean sample of quark-initiated subjets, whereas most samples of single-
prong jets are a mixture of quark- and gluon-initiated jets, which would complicate the
extraction of the correction. Once the ratio of LJP densities is derived, it is applied to
the same sample of W jets, and it is shown to simultaneously improve the modeling of
multiple substructure observables. The method is further validated in jets originating from
boosted top quarks, showing that a correction derived from two-prong jets can be applied
to jets with more than two prongs.

Since the efficacy of the method on jets with four or more prongs cannot be directly
checked in data, additional studies are performed in simulation to validate its usage on
such jets. Simulated samples of both lepton+jets tt and BSM particles producing jets
with four to six prongs are generated using two different showering algorithms, PYTHIA [19]
and HERWIG [20, 21]. The lepton+jets tt samples are used to define a PYTHIA-to-HERWIG
correction, using an procedure analogous to that used to correct simulation to data. These
corrected PYTHIA samples are compared with the native HERWIG samples, and the two agree
within the uncertainties of the method, which validates the applicability of the method to
processes with higher prong multiplicities.

Differential measurements of the LJP density for quark and gluon jets have been performed
for R = 0.4 jets by the ATLAS Collaboration [22] and for R = 0.4 and R = 0.8 jets by
the CMS Collaboration [23]. Measurements of the LJP density for jets originating from the
hadronic decays of boosted top quarks and W bosons have also been performed by the ATLAS
Collaboration [24]. This work is the first time information from the LJP has been used to
perform a correction to simulated jets. A search by the CMS Collaboration for resonances
decaying to three W bosons [25] developed a calibration procedure for the case of four-pronged
jets using top quark jets with a hard gluon emission as an SM proxy for the decay of a boosted



massive BSM scalar, the radion, to two W bosons. However, the method required extensive
validation to demonstrate the applicability of the SM proxy object to the signal process, and
it does not generalize easily to jets with higher prong multiplicities. The generality of the LJP
method allows for improved calibration of similar four-pronged jets, as well enabling for the
first time the calibration of jets with even higher prong multiplicities. This new calibration
capability will allow for the proper interpretation of searches for signatures containing jets
with high prong multiplicities. It has been employed for the calibration of multiprong jets in a
prior search by the CMS Collaboration for dijet resonances with anomalous substructure [26],
which set exclusion limits on a variety of signal models producing jets from two to six prongs.
The paper is structured as follows. The CMS detector and event reconstruction procedures
are described in section 2. Section 3 describes the data and simulation samples used to derive
and validate the method. Section 4 describes the selection criteria applied to select the tt
lepton+jets sample, and section 5 details how the LJP density ratio is extracted from this
sample. Section 6 describes the application of the correction to simulations of W and t jets,
and validations in data demonstrating its efficacy. Section 7 details studies performed in
simulation which validate the applicability of the method to jets with more than three prongs.
Uncertainties are discussed in section 8. Comparisons of calibrated tagging efficiencies from
the LJP method and others are given in section 9, and a summary is given in section 10.

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity (n) coverage provided by
the barrel and endcap detectors. Muons are measured in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. A more detailed description of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, is reported in refs. [27, 28].

The silicon tracker used in 2016 measured charged particles within the pseudorapidity
range |n| < 2.5. For nonisolated particles of transverse momentum (pr) of 1 < pp < 10 GeV
and |n| < 1.4, the track resolutions were typically 1.5% in pp and 25-90 (45-150) um in the
transverse (longitudinal) impact parameter [29]. At the start of 2017, a new pixel detector
was installed [30] that measured particles up to |n| < 3.0 with typical resolutions of 1.5%
in pp and 20-75um in the transverse impact parameter [31] for nonisolated particles of
1 < pr < 10 GeV. Muons are measured in the pseudorapidity range |n| < 2.4, with detection
planes made using three technologies: drift tubes, cathode strip chambers, and resistive-plate
chambers. The single-muon trigger efficiency exceeds 90% over the full n range, and the
efficiency to reconstruct and identify muons is greater than 96%. Matching muons to tracks
measured in the silicon tracker results in a relative transverse momentum resolution, for
muons with pr up to 100 GeV, of 1% in the barrel and 3% in the endcaps. The pp resolution
in the barrel is better than 7% for muons with pt up to 1TeV [32].



Events of interest are selected using a two-tiered trigger system. The first level, composed
of custom hardware processors, uses information from the calorimeters and muon detectors
to select events at a rate of around 100 kHz within a fixed latency of about 4 us [33]. The
second level, known as the high-level trigger (HLT'), consists of a farm of processors running
a version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to around 1kHz before data storage [34].

The global event reconstruction, also called particle-flow (PF) event reconstruction [35],
aims to reconstruct and identify each individual particle in an event, with an optimized
combination of all subdetector information. In this process, the identification of the particle
type (photon, electron, muon, charged hadron, neutral hadron) plays an important role in
the determination of the particle direction and energy. Photons are identified as ECAL
energy clusters not linked to the extrapolation of any charged particle trajectory to the
ECAL. Electrons are identified as a primary charged particle track and potentially many
ECAL energy clusters corresponding to this track extrapolation to the ECAL and to possible
bremsstrahlung photons emitted along the way through the tracker material. Muons are
identified as tracks in the central tracker consistent with either a track or several hits in the
muon system, and associated with calorimeter deposits compatible with the muon hypothesis.
Charged hadrons are identified as charged-particle tracks neither identified as electrons, nor
as muons. Finally, neutral hadrons are identified as HCAL energy clusters not linked to any
charged-hadron trajectory, or as a combined ECAL and HCAL energy excess with respect
to the expected charged-hadron energy deposit.

The energy of photons is obtained from the ECAL measurement. The energy of electrons
is determined from a combination of the track momentum at the main interaction vertex,
the corresponding ECAL cluster energy, and the energy sum of all bremsstrahlung photons
attached to the track. The energy of muons is obtained from the corresponding track
momentum. The energy of charged hadrons is determined from a combination of the track
momentum and the corresponding ECAL and HCAL energies, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

For each event, hadronic jets are clustered from these reconstructed particles using
the infrared- and collinear-safe anti-kr algorithm [1, 2]. Jets reconstructed with a distance
parameter of R = 0.8 (AKS jets) are used for reconstructing heavy resonance decays, whereas
jets with R = 0.4 (AK4 jets) are used to reconstruct jets originating from single quarks or
gluons. Jet momentum is determined as the vectorial sum of all particle momenta in the
jet, and is found from simulation to be, on average, within 5 to 10% of the true momentum
over the entire pp spectrum and detector acceptance. Additional pp interactions within the
same or nearby bunch crossings (pileup) can contribute additional tracks and calorimetric
energy depositions to the jet momentum. The pileup-per-particle identification algorithm
(PUPPI) [36, 37] is used for AKS8 jets to mitigate the effect of pileup at the reconstructed-
particle level, making use of local shape information, event pileup properties, and tracking
information. A local shape variable is defined, which distinguishes between collinear and
soft diffuse distributions of other particles surrounding the particle under consideration. The
former is attributed to particles originating from the hard scatter and the latter to particles



originating from pileup interactions. Charged particles identified to be originating from pileup
vertices are discarded. For each neutral particle, a local shape variable is computed using
the surrounding charged particles compatible with the primary vertex within the tracker
acceptance (|n| < 2.5), and using both charged and neutral particles in the region outside
of the tracker coverage. The momenta of the neutral particles are then rescaled according
to their probability to originate from the primary interaction vertex deduced from the local
shape variable, superseding the need for jet-based pileup corrections [37].

Jet energy corrections are derived from simulation to bring the measured response of
jets to that of particle level jets on average. In situ measurements of the momentum balance
in dijet, photon + jet, Z + jet, and multi-jet events are used to determine any residual
differences between the jet energy scale in data and in simulation [38]. Additional selection
criteria are applied to each jet to remove jets potentially dominated by instrumental effects
or reconstruction failures. The jet energy resolution amounts typically to 15-20% at 30 GeV,
10% at 100 GeV, and 5% at 1TeV [38].

The missing transverse momentum vector, pa**, is computed as the negative vector
sum of the transverse momenta of all the PF candidates in an event, and its magnitude is
denoted as p%iss [39]. The pr' 5% is modified to account for corrections to the energy scale
of the reconstructed jets in the event. Anomalous high—p%liSS events can be due to a variety
of reconstruction failures, detector malfunctions, or noncollision backgrounds. Such events
are rejected by event filters that are designed to identify more than 85-90% of the spurious

miss

high-pt™" events with a mistagging rate less than 0.1% [39].

2.1 Reconstruction of the Lund jet plane

To identify the subjets inside the AKS8 jets, an additional reclustering procedure is performed.
For a specified number of subjets, corresponding to the expected number of prongs inside
the jet, the constituents of the AKS jets are reclustered into the chosen number of subjets
using the exclusive-kt algorithm [40]. Unlike the standard kt clustering, which uses the
distance parameter R for its stopping criteria, the exclusive version terminates only when the
specified number of subjets is reached. The energy of these subjets is corrected with the same
jet energy correction factors that are used for the corresponding AKS8 jet. Once the subjets
have been determined, the clustering tree within each subjet’s kr clustering history is used
to obtain the splittings used to build the LJP density. The correction is performed on the
primary LJP, so only splittings along the hardest branch of the clustering history are used.

Studies in simulation are performed to assess the subjet identification performance of
the kt algorithm as compared to the Cambridge-Aachen (CA) [41, 42] or anti-kt algorithms.
Subjets from the kt algorithm are found to more closely align with the prongs from the hard
process as compared to subjets from the CA or anti-kt algorithms. This is consistent with the
use of exclusive-k algorithm subjets in other substructure methods, such as N-subjetiness [3].
Reference [18] suggests building the LJP based on splittings from the CA algorithm and
cautions that using splittings from the kt algorithm may produce unwanted features. A
modified procedure, in which the subjets from the kp algorithm are further reclustered with
the CA algorithm to obtain the clustering tree for the LJP, shows no significant performance
improvements, and therefore it is not used in these studies.



3 Data and MC samples

The data sample used in the analysis is based on pp collisions at /s = 13 TeV collected
from 2016 to 2018, corresponding to an integrated luminosity of 138 fb~!. The integrated
luminosities for the 2016, 2017, and 2018 data-taking years have 1.2-2.5% individual uncer-
tainties [43-45], whereas the overall uncertainty for the 2016-2018 period is 1.6%.

Simulated pp collision events are generated at /s = 13 TeV using various generators.
Except where noted, the parton shower and hadronization is simulated using PYTHIA 8.240
with the CP5 tune [46]. The NNPDF3.1 parton distribution functions (PDFs) at next-to-
next-to-leading order (NNLO) accuracy [47] are used for all samples. The detector response
is simulated using GEANT4 [48].

The tt process is generated with the next-to-leading order (NLO) generator
POWHEG v2 [49-51]. An alternative tt sample, used only for validation studies, is cre-
ated based on the same POWHEG configuration but instead interfaced to HERWIG v7.2.2
for showering. The lepton-+jets tt sample is divided into three components based on the

angular distance, defined as AR = (AT])2 + (Aqﬁ)2, where ¢ is the azimuthal angle in
radians, between the generator-level decay products of the hadronically decaying top quark
and the momentum vector of the reconstructed AKS8 jet. Events in which the two quarks
from the W boson decay and the b quark all have AR < 0.8 from the AKS jet are considered
‘t-matched’. Events in which the two quarks from the W boson decay are within AR < 0.8 of
the reconstructed AKS jet, but the b quark is not, are considered ‘W-matched’. All other
events are considered ‘unmatched’.

The tW process is simulated at NLO accuracy with POWHEG, where the t quark decays
via the lepton+jet channel. Similarly to the tt sample, events are categorized as ‘W-matched’
if the two quarks from the W decay are within AR < 0.8 of the reconstructed AKS jet,
and ‘unmatched’ otherwise.

Simulated events of W + jets and s-channel single t quark production are generated
using MADGRAPHS_aMC@NLO 2.6.5 [52] at leading order (LO) accuracy, with the MLM
jet-merging prescription [53]. The single t quark process in the t-channel is generated at
NLO accuracy with POWHEG. Events composed uniquely of jets produced through the strong
interactions, referred to as QCD multi-jet events, and the WW, WZ, and ZZ processes are
generated using PYTHIA at LO accuracy.

The most accurate available cross section calculations are used to normalize the SM
simulated samples, in most cases corresponding to NNLO accuracy in QCD [54-59]. The
pr spectrum of top quarks in tt events is reweighted to account for effects due to missing
higher-order corrections in MC simulation [60].

Several BSM processes are generated to evaluate the LJP correction procedure on jets
with large prong multiplicity. All BSM samples are simulated using MADGRAPH5__aMC@NLO
at LO accuracy, and two versions of each sample are produced, using PYTHIA or HERWIG
for the parton shower and hadronization. Two-pronged jets are simulated using a sample
of X — SY, where X is a vector boson with m(X) = 3TeV, Y is a vector boson with
m(Y) = 170GeV, and S is a scalar with m(S) = 170 GeV. Both Y and S decay to a pair of
SM quarks. A sample of vector-like top quarks, T, is used to study five-pronged jets. The
T’ quarks have a mass of m(T/) = 400 GeV, decay via T’ — Zt, and are pair-produced via



a heavy vector boson with a mass of 5 TeV [61, 62]. Six-pronged jets are simulated using a
sample of heavy scalars, H, with mass m(H) = 400 GeV, which decay via H — tt and are pair
produced via a heavy Randall-Sundrum graviton with a mass of 3 TeV [63]. Finally, a sample
containing both two- and four-pronged jets is produced using a Kaluza-Klein excitation of
the W boson, Wik, decaying to a W boson and a radion, R, which itself decays to two W
bosons, with m(Wkgk) = 2.5TeV and m(R) = 200 GeV [16, 64].

4 Selection of lepton+jets tt events

A data sample of large- R, multiprong jets with well-defined composition is needed in order to
derive the LJP density ratio corrections and to test their performance. For this purpose, a
sample of lepton-+jets tt events is used, targeting W jets. A similar sample was previously
used by the CMS Collaboration for calibration of the performance of large-R jet taggers [6].
The event selection seeks to pick out events where one of the top quarks decays into a muon,
a neutrino, and a b jet, resulting in large p%iss. The other top quark decays hadronically,
producing a large-R jet on the other side of the event that is used to derive the LJP density
correction.

Events are selected requiring the presence of a muon, p%iss > 50 GeV, an AK4 jet, and an
AKS jet. The muon is required to have pp > 60 GeV, |n| < 2.4, and an unsigned transverse
impact parameter, |d,,|, less than 2mm. It is also required to pass identification criteria
based on the number of hits observed in the tracker, the response of the muon detectors, and
a set of matching criteria between muon track parameters, as measured by the inner tracker
and muon detectors [32]. To suppress nonprompt muons coming from heavy flavor decays,
the muon must be isolated from other particles in a cone of size AR = 0.3. More details on
the muon identification and reconstruction is described in refs. [32, 65].

The AK4 jet is required to have pp > 25GeV and |n| < 2.4, and must be identified as a
b jet. The b tagging is performed with the DEEPJET algorithm, which combines information
from the PF candidates and secondary vertices [12, 66, 67]. The b tagging working point used
corresponds to an average efficiency of ~80% for selecting genuine b jets, and a ~1% (2%)
rate of misidentifying light flavored or gluon (charm) jets. The AK4 jet is also required to have
a ¢ angular separation with respect to the selected muon of less than 2. To remove overlap
with the muon, it is required that the AK4 jet be AR > 0.4 away from the selected muon.

The AKS jet is required to have pp > 225 GeV and || < 2.4. The AKS jet is also required
to have a ¢ angular separation with respect to the selected muon of more than 2.

The soft-drop (SD) algorithm [5], a generalization of the modified mass drop algorithm [68,
69], with the angular exponent 8 = 0 and soft threshold z = 0.1, is applied to the AKS jet
to reconstruct the jet mass (mgp). The SD algorithm removes soft and collinear radiation
from the jet to improve the mass resolution for jets originating from heavy resonances. A
comparison of the mgp distributions between data and simulation, for AKS8 jets in the
lepton+jets tt region, is shown in figure 1.

Events are split into two regions based on the soft-drop mass of the AKS8 jet. The W region
targets W jets, with soft-drop mass between 70 and 110 GeV, whereas the t region targets
top quark jets, with soft-drop mass between 150 and 225 GeV. The t region additionally
requires the AKS8 jet to have pp > 500GeV. Only events from the W region are used to
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Figure 1. The distribution of the soft-drop mass for AKS jets in the lepton-+jets tt region prior to
the LJP density correction. The number of simulated events has been scaled to match the observed
number of data events. The lower panel shows the ratio between the observed data and the simulated
estimates. Only statistical uncertainties are shown as vertical bars on the data points. The red (blue)
dashed vertical lines denote the mass range of 70-110 GeV (150-225 GeV), which defines the W (t)
region used in the analysis.

derive the LJP density data/simulation ratios that define the correction, detailed in section 5,
whereas the t region is used to validate the performance of the method.

5 Definition of LJP density ratios and their extraction from data

The first step of the correction procedure is to recluster the large- R jet into a specified number
of subjets, chosen such that each subjet encapsulates a single prong. The radiation of each
prong can then be corrected separately, allowing one to build up a correction for the full jet
from each of the subjets. The correction for each subjet is based on the ratio of LJP densities
of subjets in data to that of simulation. This ratio is derived from the sample of W jets in
the W region. This region is chosen because it consists of a relatively pure sample of large-R
jets of a known number of prongs (two) and has a sufficient event count.

The reclustering proceeds via the steps specified in section 2 to obtain the subjets and
their corresponding splittings. Once the splittings are obtained, they are used to construct
the LJP densities for both data and simulation. In each splitting, the lower (higher) pr
branch is denoted as the emission (emitter). The kinematics of a splitting is described by the
splitting angle of the branching (A) and transverse momentum of the emission relative to
the emitter (k). All splittings in the primary LJP of each subjet are used in the correction.
The LJP density is typically binned in the logarithm of these two quantities, because the soft
and collinear divergences of QCD produce emissions that are uniform in In(kp/GeV) and
In(1/A). The correction is also binned in the p of the subjet, i.e., separate LJP densities are
defined for subjets of different pp. Specifically, the LJP density is binned in In(kt/GeV) and



In(0.8/A), with 19 and 14 bins covering the ranges —1.0 to 5.3 and —4.4 to 6.9, respectively.
Six subjet pr bins are used, with lower edges at 10, 65, 110, 175, 240, and 300 GeV, where
the last bin includes all subjets with pp > 300 GeV.

For each pr bin, three LJP densities are constructed from the W region in different
samples: one for signal simulation (i.e., W-matched tt and tW events), one for background
simulation (all other processes), and one for data. The reclustering step is performed assuming
2-pronged jets. The LJP density of simulated background events is subtracted from the
data LJP density to obtain an estimate of the LJP density of subjets within W jets. The
simulation LJP density and data-minus-background LJP density are then normalized to
the number of subjets in the sample, so that they encode the frequency of splittings for a
subjet. Finally, the ratio of the normalized data-minus-background LJP density and the
signal simulation LJP density is computed. The LJP density ratio and its uncertainty is
shown in figure 2, and several one-dimensional slices are shown in figure 3. Details of the
systematic uncertainty are on the ratio are given in section 8.

To reduce the impact of outliers, each bin of the ratio is restricted to the range 0.2-5.
There are few outliers outside of this range, all of which have large statistical uncertainties
that are comparable in size to the central value. Statistical uncertainties from the limited
number of data and simulation events are propagated to a statistical uncertainty in the final
ratio. Because of limited event counts and phase space restrictions, some bins within the
two-dimensional plane have zero events in either simulation and data. The ratio in these bins
is taken to be unity with a 100% uncertainty. As discussed in section 8, these uncertainties
are sub-dominant as compared to other uncertainties on the correction procedure.

5.1 Extrapolation to higher pr

The sample of W jets used only produces subjets in a limited pp range. In order to apply
the correction procedure to jets with subjet pr higher than available in the W region, an
extrapolation procedure is performed. The LJP densities are expected to have limited
variation as a function of jet pr. At leading order, the LJP density can be written as a
kT
pT,subjetA
density approaches a constant value. The extrapolation to higher pr is therefore defined
1
PT,subjet ’

For each bin in In(kp/GeV) and In(0.8/A), the correction factors in the six subjet pr
bins are included The procedure starts with a zeroth-order polynomial fit. Higher-order

function of z = [18], and in the limit of soft or wide-angle emissions, Z < 1, the

as a power series in

polynomials are tested and adopted if they significantly improve the fit quality. Specifically,
the quality of the fit is quantified with a X2 test, where the number of degrees of freedom
is the number of subjet pr bins with a nonzero entry for this particular In(kr/GeV) and
In(0.8/A) bin. If the corresponding p-value is greater than 0.3 for a fit of a given order, the
process terminates. If not, the polynomial order is increased by one, and a Fisher F-test [70]
is performed to check if the higher-order fit is preferred at p < 0.05. If the lower-order fit is
preferred, the process terminates; otherwise, the process is repeated with the higher-order
polynomial as the new baseline. This extrapolation is done independently for each In(k/GeV)
and In(0.8/A) bin. The procedure finds that a constant order is sufficient for nearly all
(~97%) bins, and a linear order is preferred by the rest.
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Figure 2. Ratios of the LJP densities between data and simulation in the six subjet p bins. Bins
with no data or simulation events are shown as white; in the application of the correction, they are
assigned a ratio value of unity and an uncertainty of 100%. The ratio values have been restricted to
an upper limit of 2 for visualization purposes. The combined statistical and systematic uncertainty
in the ratio is represented by the area of the hatched region in each bin. The fractional size of the
hatched region in each bin represents the uncertainty in the measured ratio value in that bin, e.g., for
bins in which the hatched region covers half of the area, the fractional uncertainty in the measured
ratio is 50%. A description of the considered systematic uncertainties is given in section 8. The ratios
are used to build the corrections to the substructure of a subjet.
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Figure 3. Ratios of the LJP densities between data and simulation projected into one dimension.
The ratio is shown as a function of In(0.8/A) for several kt bins for the subjet pp bin 110-175 GeV.
Statistical uncertainties are shown as the black error bars, and the combined statistical and systematic
uncertainties are shown as the blue error bars. The statistical uncertainties dominate the uncertainty
in most bins.
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The extrapolated values are used to reweight subjets with pr > 300GeV. For each
splitting in such a subjet, the corresponding In(kr/GeV) and In(0.8/A) bin is determined,
the extrapolation function describing the correction factor in that bin is evaluated at the
given subjet pr, and the resulting value is used as the correction factor. Similar to the
measured ratio values, the extrapolation correction factors are restricted to the range 0.2-5.
The systematic uncertainties in the extrapolation are described in section 8.3.

6 Correction application and validation on W and top quark jets

Once the LJP density ratios are derived, they are applied to correct the substructure of
simulated multiprong jet as follows:

1. Using generator-level information from the simulation, determine how many quarks
from the hard process decay are contained in the cone of the jet (N).

2. Recluster the PF candidates of the jet into IV subjets using the exclusive kr algorithm.
Subjets matched to a generator-level quark within AR < 0.2 are used in the correction;
the unmatched subjets are not used in the nominal correction, but are considered in
the systematic uncertainties.

3. For all subjets matched to a generator-level quark, obtain the clustering history produced
by the kt algorithm.

4. For each splitting along the hardest branch of the clustering history with k1 > 0.02 GeV,
look up the data/simulation correction factor based on the subjet’s pr and the splitting’s
kt and A.

5. Multiply the correction factors for each splitting to obtain the total subjet correction.

6. Multiply the correction factors for each matched subjet to obtain the total jet correction.
The total jet correction is used as a reweighting factor, multiplying the event weight of
the MC events.

7. If there are multiple jets in the event that are being corrected, multiply the weights of
the individual jets to obtain the total event weight.

8. To preserve the overall normalization of the sample, divide the event weights by the
mean reweighting factor across all events in the sample.

This procedure is illustrated graphically in figure 4. The final jet weight is a product
of many splitting-based reweighting factors, and therefore has an approximate log-normal
distribution. Due to properties of the log-normal distribution, even if the distribution of
splitting weights has a mean of one, their product will not. This necessitates the post-hoc
correction of Step 8 to ensure the reweighting procedure preserves the sample normalization.

The k1 > 0.02 GeV requirement was determined based on the minimal momentum and
spatial resolution of reconstructed charged hadrons, and tighter restrictions were found to
reduce the improvement in the data-simulation agreement of the correction. Variations of
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Figure 4. A graphical illustration of the correction procedure. First, the large-R jet is reclustered
into its subjets. Then, the clustering history for each subjet is used to obtain an list of splittings from
the primary LJP. For each splitting, the LJP density ratio is used as a correction factor.

AR matching requirement between 0.15-0.25 were tried and produce minimal impact on
the results of the correction.

Because the correction is applied to the underlying radiation pattern of the jet, it is
expected to improve the modeling of all substructure observables simultaneously.

As a first test, the correction procedure is applied to 2-pronged W jets. The simulated
samples of the tW process and W-matched tt events are corrected following the above proce-
dure. The data-simulation agreement in the W region of various substructure observables
before and after the correction are shown in figure 5, including the mgp, the N-subjetiness
ratios [3] T9; and 739, and scores of the mass-decorrelated version of the DEEPAKS tag-
ger [6] and the PARTICLENET tagger [7, 71]. The correction improves the agreement of
the substructure observables. It should be noted that the correction is only applicable to a
true multiprong jet arising from multiple quarks, and therefore is not applied to any of the
background processes. Therefore, it is expected that data and simulation still do not fully
agree, though clear improvement is seen after the correction’s application. In particular, the
improved modeling of sophisticated deep neural network classifier scores, which are based on
low-level features of the jet, indicates its wide applicability. This demonstrates the ability of
the method to correct multiple substructure observables simultaneously.

Next, the correction procedure is tested on 3-pronged jets in the t region. Distributions
of various substructure observables before and after the correction are shown in figure 6. The
correction significantly improvements the data-simulation agreement of the worst-modeled
substructure observables (73, and 743), demonstrating that the correction derived from
2-pronged W jets generalizes to a higher number of prongs.
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Figure 5. A comparison of the data-simulation agreement of various substructure observables in
the W region. The distribution of various simulated processes, without the LJP correction applied,
are shown in the colored histograms and observed data points are shown in black. The brown line
shows the total simulated distribution after the LJP correction has been applied to the W-matched tt
and tW simulations; the other background processes are not corrected. Only statistical uncertainties
are shown as vertical bars on the data points, and the computed X2 is based only on statistical
uncertainties. The black solid points (brown open boxes) in the lower panel show the ratio between the
data and the total uncorrected (corrected) estimate from simulation. The data-simulation agreement
of the various substructure distributions generally improves after applying the correction.
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Figure 6. A comparison of the data-simulation agreement of various substructure observables in
the t region. The distribution of various simulated processes, without the LJP correction applied,
are shown in the colored histograms and observed data points are shown in black. The brown line
shows the total simulated distribution after the LJP correction has been applied to the t-matched tt
simulation; the other background processes are not corrected. Only statistical uncertainties are shown
as vertical bars on the data points, and the computed X2 is based only on statistical uncertainties.
The black solid points (brown open boxes) in the lower panel show the ratio between the data and the
total uncorrected (corrected) estimate from simulation. The data-simulation agreement of the worst
modeled substructure observables, 735 and 7,3, improves after applying the correction.
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7 PYTHIA-HERWIG conversion study

The improved data-simulation agreement for W and top quark jets in section 6 is a powerful
demonstration of the effectiveness of the method. However, in that validation full closure
between the data distribution and the corrected simulation is difficult to assess because of
the presence of backgrounds which do not contain true multiprong jets. Additionally, it
does not validate the usage of the method on its main application target: jets with more
than three prongs.

Therefore, to further validate the correction procedure and to test the extrapolation to
jets with higher numbers of prongs, additional studies are done using simulation. A simulation-
based validation allows us to verify the performance in jets where the true distributions are
known, and also allows us to study jets with higher prong multiplicities than present in data.
This study also validates the uncertainties of the method, detailed in section 8.

The studies use events showered with both PYTHIA and HERWIG, as discussed in section 3.
A simulation-to-simulation correction is derived and is used to correct events showered with
PYTHIA to match the results from HERWIG. The correction is applied to high-prong signals
using PYTHIA showering, and then compared with the same signals showered with HERWIG;
they found to agree within uncertainties.

The correction is derived in the same way as is done in data, as described in section 5,
except that HERWIG-showered MC events are used in place of data. The same selection
criteria are used to select W jets from lepton+jets tt events, and the same procedure is used
to extract the PYTHIA-to-HERWIG LJP correction. The correction is tested on W jets and on
BSM processes with four and six prongs. The corrected PYTHIA samples are then compared
to the true HERWIG sample to assess the performance.

Unmatched tt decays, which constitute a background to the true W-matched tt events,
are included in the extraction of the LJP correction. The PYTHIAtt sample is used to estimate
and subtract this contribution before extracting the LJP density ratio. In the unmatched
background the same uncertainties are used that were employed in the extraction from data,
which is discussed in section 8. These uncertainties are propagated to the extracted LJP
density ratio as systematic uncertainties. Uncertainties due to limited MC event count are
also included, but are small in most regions of the LJP density. The LJP correction can also
be extracted using only W-matched events from the PYTHIA and HERWIG samples, excluding
the unmatched events entirely; negligible differences are observed in both the LJP density
ratios and the corrected distributions, validating the treatment of the unmatched background.

These extracted LJP density ratios are then used to apply a correction to the PYTHIA
samples to better match the HERWIG samples, including systematic uncertainties, as described
in section 8. The distributions of various substructure observables in the PYTHIA samples
are compared before and after the correction, using the true HERWIG distributions as the
reference. We assess the performance of the LJP correction on the calibration of deep neural
network based jet taggers used widely in analyses, which may be sensitive to various features
of the jet substructure. Specifically, we study the DEEPAKS and PARTICLENET tagger scores
for W vs. QCD jet (W tag score) and H - WW — 4q vs. QCD jet (H4q score).

The performance of the PYTHIA-to-HERWIG correction is checked across several different
types of jets. The agreement between the PYTHIA and HERWIG distributions before and after

,17,



Jet type (prongs) Selection Nom. PYTHIA eff. Corrected PYTHIA eff. HERWIG eff.

W (2) 9 < 0.3 0.43 0.3379:0% 0.36
top (3) T35 < 0.5 0.49 0.39709% 0.42

R — WW (4)  DeepAK8-MD Hdq > 0.4 0.53 0.52 4 0.03 0.53
H — tT (6) DeepAK8-MD Hdq > 0.4 0.41 0.42 £ 0.02 0.41

Table 1. A comparison of the tagging efficiency in the nominal PYTHIA simulation, the corrected
PYTHIA simulation and the HERWIG simulation for jets of various kinds. Uncertainties in the correction
procedure are propagated to evaluate the uncertainty in the tagging efficiency in the corrected PYTHIA
simulation. Details are given in the text.

the correction is quantified with the residual sum of squares (RSS), which sums the squared
difference between the bin yields of the two distributions. A X2 is also computed to assess
closure between the corrected PYTHIA and true HERWIG samples, which takes into account
the systematic uncertainties in the PYTHIA distribution. Results for 2-pronged W jets are
shown in figure 7. Results for 4-pronged jets from the R — WW — 4q process are shown in
figure 8. Results on 6-pronged jets due to boosted H — tt — 6q decays are shown in figure 9.
A comparison of tagging efficiencies for several jet types is given in table 1.

For W jets, the correction works well for observables related to W tagging. The agreement
between PYTHIA and HERWIG for typical substructure observables used to tag W jets, including
To1, the PARTICLENET W vs. QCD score, and DEEPAKS8-MD W vs. QCD score, improves
significantly with the correction. The systematic uncertainties cover residual differences
between the reweighted PYTHIA and the true HERWIG simulation.

For the R - WW — 4q and H — tt signals, there is already good agreement between
PYTHIA and HERWIG, so we see limited improvements in RSS values. For the six-pronged
jets from H — tt, there is a slight overcorrection, leading to slightly worse RSS values. The
systematic uncertainties again cover residual differences in all cases.

These results demonstrate that the correction derived from a two-pronged jet can
successfully extrapolate to higher pronged jets. The LJP correction is also shown to improve
the modeling of sophisticated ML-based tagging scores. Further, the systematic uncertainties
cover residual differences between the true and corrected distributions, even for up to 6-pronged
jets. This justifies the usage of the LJP method for calibrating substructure observables
for jets with a high number of prongs.

8 Uncertainties

There are various sources of uncertainty in the correction procedure, including statistical
uncertainties in the derived LJP density ratio, systematic uncertainties in the derived LJP
density ratio, and systematic uncertainties relating to the application of the procedure to
a given signal process.

8.1 Statistical uncertainty in data/simulation ratio

The core aspect of the correction procedure is the data/simulation subjet LJP density
ratio that is derived from the sample of W jets. The finite number of data events in this
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Figure 7. A comparison of the HERWIG (red circles), PYTHIA (blue lines) and reweighted PYTHIA
(purple lines) samples for W jets. The systematic uncertainty in the reweighted PYTHIA samples is
shown in the light purple shading. The statistical uncertainty from the limited size of the simulated
sample is shown as vertical red bars on the HERWIG points. The lower panel shows the ratio of the two
PYTHIA distributions with respect to HERWIG. The RSS between the PYTHIA and HERWIG samples
is computed based on the squared difference in normalized bin yields. The X2 value is computed
using both the statistical uncertainties of the simulated samples and the systematic uncertainties
in the correction procedure, and therefore assesses the full closure of the correction procedure. It
is computed only for the reweighted PYTHIA samples because the original sample does not have

appropriate systematic uncertainties.
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Figure 8. A comparison of the HERWIG (red circles), PYTHIA (blue lines) and reweighted PYTHIA
(purple lines) samples for R — WW — 4q jets. The systematic uncertainty in the reweighted PYTHIA
samples is shown in the light purple shading. The statistical uncertainty from the limited size of
the simulated sample is shown as vertical red bars on the HERWIG points. The lower panel shows
the ratio of the two PYTHIA distributions with respect to HERWIG. The RSS between the PYTHIA
and HERWIG samples is computed based on the squared difference in normalized bin yields. The X2
value is computed using both the statistical uncertainties of the simulated samples and the systematic
uncertainties in the correction procedure, and therefore assesses the full closure of the correction
procedure. It is computed only for the reweighted PYTHIA samples because the original sample does

not have appropriate systematic uncertainties.
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Figure 9. A comparison of the HERWIG (red circles), PYTHIA (blue lines) and reweighted PYTHIA
(purple lines) samples for H — tt — 6q jets. The systematic uncertainty in the reweighted PYTHIA
samples is shown in the light purple shading. The statistical uncertainty from the limited size of
the simulated sample is shown as vertical red bars on the HERWIG points. The lower panel shows
the ratio of the two PYTHIA distributions with respect to HERWIG. The RSS between the PYTHIA
and HERWIG samples is computed based on the squared difference in normalized bin yields. The X2
value is computed using both the statistical uncertainties of the simulated samples and the systematic
uncertainties in the correction procedure, and therefore assesses the full closure of the correction
procedure. It is computed only for the reweighted PYTHIA samples because the original sample does

not have appropriate systematic uncertainties.
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sample leads to a statistical uncertainty in the data/simulation ratio in each bin of the LJP
density. The uncertainty from limited MC statistics is also considered and propagated to
the uncertainty in the ratio, but is negligible.

The uncorrelated statistical uncertainty in each LJP density ratio bin should be propa-
gated into the uncertainty in the event-level correction. To assign an appropriate statistical
uncertainty, 100 variations of the LJP density ratio are constructed. Each variation is based
on an independent Gaussian smearing of the central value in each bin according to the bin’s
statistical uncertainty, constrained so that the ratio is always positive. The correction is
recomputed for these 100 variations. For any computed quantity, the standard deviation of
the resultant quantities based the smeared variations is taken as the statistical uncertainty
in the nominal correction. It was checked that the results of the procedure are insensitive
to the number of variations.

8.2 Systematic uncertainty in data/simulation ratio

There are additional systematic uncertainties on the ratio stemming from uncertainties in the
simulation used for estimation of the background processes that are subtracted from the data,
and in the simulation that constitutes the denominator of the ratio. The uncertainties in the
background estimation are generally dominant. For a given source of systematic uncertainty,
the relevant simulated samples are reweighted according the up and down variations of
the uncertainty, and the corresponding systematic variation of the ratio is derived. Some
sources of uncertainty are applied simultaneously to the signal (W-matched tt and tW)
and background simulations, whereas some are applied only to the backgrounds. This is
because the parameters of the simulation used in the denominator of the ratio must be
consistent with the parameters of the simulation to be reweighted, and, therefore, we do
not apply the variations for uncertainties that would change the substructure observables
of the signal process simulation.

Several sources of uncertainty in the background simulation are included. The largest
source of uncertainty comes from the modeling of the parton shower, which is estimated
by varying the modeling of initial- and final-state radiation in the PYTHIA simulation.
Uncertainties in the modeling of pileup are evaluated by varying the inelastic pp cross section
used for the pileup simulation. Each background process is also assigned a normalization
uncertainty based on the uncertainty in their cross section. The tW and the s- and ¢-channel
single top quark processes are assigned a 5% uncertainty [55, 56]. Diboson processes are
assigned a 4% uncertainty [57-59]. The W + jets and QCD samples are assigned a 10%
uncertainty. The unmatched tt component is given a 6% uncertainty, based on the difference in
the unmatched fraction between PYTHIA and HERWIG samples. The normalization uncertainty
in each background is assumed to be independent.

The set of uncertainties applied simultaneously to the signal and background MC samples
are as follows. The uncertainty in the PDF modeling is obtained for each event based on the
100 NNPDF replicas [47]. Three sets of variations of the renormalization and factorization
scales are considered: one where only the renormalization scale is varied, one where the
factorization scale is varied, and one where both are simultaneously varied in the same
direction. We do not consider the unphysical variation where the two scales are varied in
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opposite directions. The uncertainty in the b tagging efficiency is assessed by varying data
vs. simulation b tagging efficiency correction factors within their uncertainties. Uncertainties
in the muon identification, isolation, and trigger efficiency are also considered. This is done
separately for the identification uncertainty (~0.1%), isolation uncertainty (~0.1%), and
trigger uncertainty (/0.2%). Uncertainties in energy scale and resolution of simulated jets
can affect the subjet pr bin of the LJP density that splittings are placed into. Jet momenta
are varied up and down according to their uncertainties and used to construct systematic
variations of the LJP density.

For computational efficiency, the contribution from these sources of uncertainty in the
LJP density ratio are combined into one. For each bin of the LJP density ratio, the variation
in the ratio for each uncertainty is computed, and then the variations are added in quadrature
to obtain a single overall systematic uncertainty. The largest source of systematic uncertainty
is the modeling of the parton shower for the background processes; nevertheless, statistical
uncertainties are dominant in nearly all bins of the LJP density ratio. The p extrapolation
procedure is also applied to systematic variations of the LJP density ratio. In the application
of the method, the correction procedure is repeated using these overall systematic variations
of the LJP density ratio. The resulting variations in the weights encode the uncertainty in
the correction due to the systematic uncertainty in the LJP density ratio. It was checked that
the uncertainty in the correction for W tagging derived using a single overall variation for the
systematic uncertainties is similar to that derived from treating each source of uncertainty
individually and combining the results in quadrature.

8.3 Uncertainty from the py extrapolation

As discussed in section 5.1, the LJP correction is extrapolated to accommodate subjets with
pr greater than that of subjets in the W jet sample. The uncertainty in the pr extrapolation
is determined from the uncertainties in the fit parameters. Because the fit in each LJP density
bin is done independently, the uncertainties in each bin are uncorrelated. Additionally, since
independently varying the fit parameters one by one in each bin is computationally infeasible,
we adopt a similar procedure as for the statistical uncertainties. First, 100 variations of
the extrapolated LJP density ratios are constructed by randomly varying the fit parameters
according to their fitted uncertainties, accounting for any correlations. In the application of
the LJP correction, the corrected quantity is computed with these 100 variations, and the
standard deviation is taken as the uncertainty due to the pt extrapolation.

8.4 Uncertainty from b quark initiated subjets

It is known that heavier quarks shower differently from lighter quarks [72, 73]|. Therefore, the
correction derived from the sample of W jets, which is flavor-agnostic and consists primarily
of decays to lighter quarks, may not serve as a suitable correction for subjets initiated by
heavier quarks. Subjets coming from b quarks in particular would be expected to be the
most different, and form a key component of some multiprong jets, e.g., top quark jets. This
difference may be mitigated somewhat by the fact that our application focuses on large-R
jets, which generally contain subjets with pp significantly larger than the b quark mass, so
mass-related effects will be reduced for the initial stages of the shower [72].
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To assess the uncertainty in the application of the LJP correction to b quark subjets, we
compare the LJP density distributions of b quarks and light quarks in simulation. From a
simulated sample of boosted top quarks, we recluster the top quark jets into three subjets,
and then separately construct the LJP densities of subjets from b quarks and from light
quarks originating in the W boson decays. Of course a small fraction of W — cb decays
are included in the light quark sample, since they are present in the observed events. The
average difference between the LJP densities is found to be ~5%.

The ratio of these two densities is a measure of the difference in the showering of these
two different kinds of subjets, and is referred to as the b/light LJP density ratio. The b/light
ratio is used as an estimate of the uncertainty in the W-derived correction when applied to
a signal with b quark subjets. Specifically, for simulated signal processes which produce b
quark subjets, generator-level information is used to identify which of the reclustered subjets
are matched to b quarks by using a AR < 0.2 criterion. The systematic uncertainty in the
corrected observable is evaluated by performing the correction with the nominal LJP density
data-simulation ratio scaled by the b/light LJP density ratio.

8.5 Number of prongs uncertainty

The choice of how many subjets the jet should be reclustered into is done on a case-by-case
basis to match the number of prongs inside the AKS8 jet. Specifically, the number of subjets
used for the reclustering is set to the number of generator-level quarks from the hard process
that are within AR < 0.8 of the jet. However, there can be ambiguity in the number of
prongs. In such cases, an uncertainty in the number of prongs is evaluated by varying the
number of subjets specified in the reclustering with the exclusive kp algorithm, and evaluating
the LJP correction with an alternative set of subjets.

Two cases are considered. First, a quark near the AKS jet boundary will possibly have
some radiation both inside and outside the cone of the jet. For any jet in which a quark is
located within 0.7 < AR < 0.8 (0.8 < AR < 0.9) of the jet, the reclustering is performed
with one fewer (one additional) subjet. Second, if a single subjet is the closest subjet to
two generator-level quarks, both within AR < 0.2, or if there is a generator-level quark not
matched to a subjet, the reclustering is performed with both one additional and one fewer
subjet. Regardless of the number of subjets used in the exclusive kt algorithm, only subjets
within AR < 0.2 of a generator-level quark are used in the correction. Quarks that are still
not matched after varying the number of subjets are referred to as ‘unclustered’, and are
assigned a dedicated systematic uncertainty described below.

8.6 Unclustered prongs uncertainty

If a generator-level quark is not matched to a subjet, in both the nominal exclusive kt
reclustering and in the variations in the number of prongs, it is considered ‘unclustered’. These
unclustered quarks are not corrected by the procedure, and, therefore, a conservative approach
is taken to assess their impact on jet substructure observables. The systematic uncertainty
due to unclustered quarks is defined by varying the weights of events containing unclustered
quarks up and down by a factor of five, the maximum reweighting factor considered in the
correction. Events that do not contain any unclustered quarks retain their nominal weights.

— 24 —



(13 TeV)

[¥)] F

= - CMS simulation

=] 1 ) )

> = —tt (W-matched) — tt (t-matched)
© F —Y > —T —1Z - 5q
-— L

o) = H—tt - 6q

= 10y 4

<

=
—

— |
——

T T T

10°°

?\\H\HH\HHMH\\HH\HHMH !
0 0.05 0.1 015 0.2 025 0.3 0.35 0.4
AR (gen quark, subjet)

Figure 10. Distributions of the AR between subjets found by the reclustering procedure and closest
generator-level quarks of the heavy resonance decay for various jet types. The AR distributions for
all signals peak towards zero, indicating that the reclustering procedure is performing well.

We note that because the LJP correction weights are normalized such that their average
value is one, this uncertainty is meaningful only if unclustered quarks are present in a
subdominant fraction (<50%) of the total events. In the limit that every event in the sample
has an unclustered quark, all event weights would be varied by the same factor, and the
normalization procedure would effectively undo the variation. Therefore, we check that,
in the various simulated samples, the fraction of events containing unclustered quarks is
subdominant.

Distributions of the AR between the subjets and generator-level quarks for jets of various
types are shown in figure 10. Overall, the reclustering performs quite well, even in these
complicated jets with a high number of prongs, as evidenced by the distributions peaking
towards zero. The fraction of jets with one or more unclustered quarks is low in most
signals, but grows with the number of prongs. The fraction is ~5% and 10% for W jets
and top quark jets in the lepton-+jets tt region, respectively, ~15% for 4-pronged jets due
to R - WW — 4q, and ~35% for the 5- and 6-pronged jets due to T — tZ — 5q and
H — tt — 6q, respectively. The reclustering efficiency also has a nontrivial pp dependence.
Higher-pt quarks are more efficiently reconstructed as subjets up to a point, but as the jet
pr increases, the prongs start to overlap and become more difficult to differentiate.

8.7 Uncertainty due to the LJP distortion

The LJP correction procedure assumes that the shower produced by an SM quark does not
depend on whether it originates from a W jet or a different resonance decay with additional
prongs. Such an assumption is necessary to apply the LJP density ratios derived from two-
pronged W jets to jets with higher prong multiplicities. However, this assumption has some
limitations. The reclustering procedure may result in the assignment of a PF candidate to the
wrong subjet, which would distort the splitting tree of the k1 algorithm and therefore the LJP
density in a manner dependent on the number of prongs. Alternatively, there could be color
reconnection effects that differ between a given signal process and the W jet sample, which
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Jet type (# prongs) W (2) t(3) Y—=qq(2) R—-WW4) T —tZ(5) H-—tt(6)

Selection variable = DeepAKS-MD W T3 To1 DeePAKS-MD WH Ta3 Ta3
Ratio statistical 0.01 0.01 0.01 0.02 0.01 0.02
Ratio systematic 0.03 0.02 0.02 0.03 0.02 0.05
pr extrapolation — 0.00 0.03 0.02 0.01 0.0
b quark uncertainty — 0.01 — — 0.01 0.01
Number of prongs 0.01 0.03 0.00 0.02 0.03 0.03
Unclustered 007 SRt Bt 008 008
Distortion - s o o By 00
Total uncertainty 007 o toor o1 o0 015

Table 2. Uncertainties in the LJP reweighting scale factor for tagging jets from various processes.
Uncertainties not applicable to a given process are denoted with a dash.

could impact the emission structure and therefore the LJP density. These effects can distort
the LJP density of prongs from a given signal process versus the W jet sample from which
the data-simulation LJP density ratio is derived, and potentially alter the correction itself.
To assess the uncertainty from LJP distortion, we compare the LJP densities derived
from the original sample of W jets, from which the nominal correction is derived, and from
the simulated signal processes to which the correction is being applied. The ratio of the two
densities is used as the systematic uncertainty in the data-simulation LJP density ratio.

8.8 Example uncertainty breakdown

Table 2 shows the various uncertainties for jets from various processes. The uncertainties
due to unclustered quarks and LJP distortion are generally dominant. Despite the statistical
uncertainties on the data-simulation LJP ratio being dominant, they have a reduced impact
on the final correction as compared to systematic uncertainties because they are uncorrelated
between different bins. The correction to each subjet depends on ~O(10) independent bins.
The impact of statistical uncertainties on the correction of an N-pronged jet are thus reduced
by a factor of ~ v/ 10N, whereas the impact of systematic uncertainties is not. The pr
extrapolation uncertainty is generally larger for the BSM signal processes because the heavy
resonance decays produce jets with large pp. For the 2-prong Y — qq and 6-prong H — tt
samples, the parent resonances have the same mass, but the former has a significantly larger
pr extrapolation uncertainty because the jet pr is split among fewer subjets. The b quark
uncertainty is relatively small for all processes.

9 Tagging efficiency correction examples

Finally, we compare the performance of the LJP reweighting method for correcting the
efficiency of substructure-based jet taggers versus prior methods based on measurements of
SM proxy objects in data. For a given jet tagging criterion and simulated process, the corrected
efficiency is obtained by including the LJP weights in the efficiency computation. Compared
with the methods that use SM proxy objects in data, the LJP is more straightforward to
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Jet type (# Prongs) Selection LJP Comparison
W (2) o1 < 0.34 0.84709  0.85+0.04
W (2) DEEPAKS-MD (W) > 0.7 0.887055  0.86 + 0.06
W (2) PARTICLENET (W) > 0.94 0.94700%  0.99 + 0.06
t (3) T3o < 0.52 0.86703%  0.91+0.02
Y = qq (2) 91 < 0.34 0.817013 —
R > WW (4) DEEPAKS-MD WH > 0.8 0.97701%  0.66 + 0.35
T = tZ (5) 43 < 0.34 0.827542 —
H — tT (6) 43 < 0.34 0.841015 —

Table 3. A comparison of scale factors derived using the LJP correction procedure and other methods.
The scale factors derived with the LJP correction have larger uncertainties, but agree well with those
from traditional methods. The comparison for the R — WW was taken from a recent search by the
CMS Collaboration [25].
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use, since once the LJP density data-simulation ratios have been measured, the corrected
efficiency is computed directly from the simulated samples. Further, by eliminating the need
for an SM proxy object, the LJP method is applicable to jets with high-prong multiplicities
and arbitrary phase space configurations.

To facilitate a comparison with other methods of calibrating the tagging efficiency, we
compute a SF, defined as the ratio of the corrected efficiency to the uncorrected efficiency.
SEs for W jet and t jet tagging are computed using the LJP reweighting correction procedure.
These SFs are compared with those obtained with standard procedures that directly measure
the tagging efficiency in data, and are shown in table 3 and figure 11. Two-pronged jet
tagging of W jets is performed using 751, DEEPAKS8-MD score, and PARTICLENET-MD score.
Three-pronged jet tagging of top quark jets is performed using 735. For four-pronged jets, the
LJP method is compared with a proxy-jet method used in a search for R - WW — 4q [25].
Additionally, SFs are computed for BSM processes for which no SM proxy object has been
observed in data. Two-pronged Y — qq jets, selected using 751, are produced with pr
larger than that available in the sample of W jets from lepton+jets tt events. This process
also highlights the pr extrapolation procedure. An SF is also computed for six-pronged
jets due to H — tt, selected using 743, demonstrating the applicability to jets with very
high prong-multiplicity.

For the various W and t tagging variables, the LJP SFs agree within uncertainties with
the SFs obtained from direct measurements in data, generally with larger uncertainties.
For four-pronged tagging with the DEEPAKS&-MD tagger, the LJP SFs agree within the
uncertainties with the proxy jet method, and has substantially smaller uncertainty.

10 Summary

A new method has been presented to improve the modeling in simulation of large-radius
multiprong jets originating from the decay of heavy resonances into multiple quarks. The
method is based on a reclustering of the multiprong jet into separate subjets for each prong.
The emissions of each subjet are corrected using the ratio of the Lund jet plane (LJP)
densities between data and simulation, derived from a sample of W jets. The correction for
the full jet is computed by combining the corrections of each of the subjets. The method
successfully improves the agreement between data and simulation of substructure observables
of two-pronged W jets and three-pronged top quark jets. The LJP reweighting is also used
to correct simulations using PYTHIA for the parton shower to match HERWIG, which validates
that the correction performs well for jets with more than three prongs. The method can be
used to correct the efficiency of substructure-based event selection criteria. Efficiencies for
W and t tagging corrected with the LJP method agree well with the efficiencies measured
directly in data. The main advance of the LJP method is that it can be applied to multiprong
jets which could not be calibrated by previous methods. It enables for the first time the
calibration of jet tagging efficiencies for high-prong jets for which there are no comparable
standard model processes of a high enough yield. The calibration of large-radius jets with
high prong multiplicities enables the proper interpretation of the results of searches targeting
such signatures.
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