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1 Introduction

Jets are collimated streams of particles resulting from the production of high energy quarks and gluons.
The distribution of energy inside a jet contains information about the initiating particle. When a massive
particle such as a top quark or W/Z bosons is produced with significant Lorentz boost and decays into
quarks, the entire hadronic decay may be captured inside a single jet. The mass of such jets (jet mass)
is one of the most powerful tools for distinguishing massive particle decays from the continuum multijet
background; therefore, it is critical to improve the reconstructed jet mass by reducing its resolution (JMR)
and any associated systematic uncertainties.

This note documents the reconstruction of the jet mass with the ATLAS detector [1]. Two jet mass
definitions are presented, each with strength in specific kinematic regimes. The baseline large-radius jet
mass is constructed solely from calorimeter information via the constituents of a jet. A second definition
augments the calorimeter information using finer granularity inputs from the tracking detector. Each of
these jet mass definitions are described in more detail in Sec. 5, following background information on
the ATLAS detector, simulated samples, and object reconstruction respectively in Sec. 2, 3, and 4. After
introducing the various methods, their resolutions are quantitatively compared in simulation in Sec. 6 and
their systematic uncertainties are documented in Sec. 7. In-situ studies of both jet mass definitions are
presented in Sec. 8 and 9, including a measurement of the jet mass and energy scales and resolutions.
Methods for improving upon the jet mass definitions are documented in Sec. 10. The note ends with
conclusions and future outlook in Sec. 11.

2 ATLAS detector

ATLAS is a multi-purpose particle detector with nearly 47 coverage in solid angle.! A lead/liquid-argon
sampling electromagnetic calorimeter is split into barrel (|| < 1.5) and endcap (1.5 < || < 3.2) sec-
tions. A steel/scintillating-tile hadronic calorimeter covers the barrel region (|n7| < 1.7) and two endcap
copper/liquid-argon sections extend to higher pseudo-rapidity (1.5 < || < 3.2). Finally, the forward
region (3.1 < || < 4.9) is covered by a liquid-argon calorimeter with Cu (W) absorber in the electro-
magnetic (hadronic) section.

Inside the calorimeters is a 2 T solenoid that surrounds an inner tracking detector which measures charged-
particle trajectories covering a pseudorapidity range || < 2.5 with pixel and silicon microstrip detectors
(SCT), and additionally covering the region |n| < 2.0 with a straw-tube transition radiation tracker (TRT).
Outside the calorimeter is a muon spectrometer: a system of detectors for triggering up to || < 2.4 and
precision tracking chambers up to || < 2.7 inside a magnetic field supplied by three large superconduct-
ing toroid magnets.

L ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre 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,¢) are used in the transverse plane, ¢ being the azimuthal angle around the z-axis.
The pseudorapidity is defined in terms of the polar angle 6 as = —Intan(6/2). Angular distance is measured in units of

AR = \(A)? + (Ap)%.



3 Data and Simulated Samples

The 2015 LHC collision data used in later sections gave a mean number of additional proton-proton (pp)
interactions per bunch crossing of approximately 14 and a bunch spacing of 25 ns. Following require-
ments based on beam and detector conditions and data quality, the dataset corresponds to an integrated
luminosity of 3.2 fb~!.

Samples of Monte Carlo (MC) simulated events are used for studying the detector response of various
mass reconstruction techniques as well as for comparisons with data. Table 1 summarizes the MC samples
used for the studies in this note. More details about the ¢7 and single top, W/Z+jets, and diboson simula-
tion settings can be found in Ref. [2-5]. QCD multijets, simulated with PyTHia 8, are used to derive the
calibration factors for the jet mass scale and also to study the jet mass resolution over a wide kinematic
range. The exotic production of W’ and Z” bosons provides a copious source of simulated boosted W
bosons, Z bosons and of top quarks respectively. The signal samples are produced with W’ and Z” boson
masses ranging from 400 to 5000 GeV. The MC samples are processed through the full ATLAS detector
simulation [6] based on GEANT 4 [7].

Process ME Generator ME Fragmentation UE Cross-section
PDF Tune Order
tf PownEeG-Box v2 [8] CT10 [9] Pythia 6 [10]  P2012 [11] NNLO-+NNLL [12-17]
Single top PowHEeG-Box CT10 PyTHIA 6 P2012 NNLO+NNLL [18-20]
W/Z+jets Suerpa 2.1.1 [21] CT10 SHERPA Default NNLO [22]
Diboson SHERPA 2.1.1 CT10 SHERPA Default NLO
QCD multijets PytHiA 8 [23] NNPDF23LO [24] PyTHIA 8 Al4 [25] N/A
W (- WZ) PyTHIA 8 NNPDF23LO PyTHIA 8 Al4 N/A
Z’ (> t7) PyTHiA 8 NNPDF23LO PyTHIA 8 Al4 N/A

Table 1: Overview of the simulated samples.

4 Object Definitions

Large-radius jets are formed using FastJer [26] implementation of the anti-k; jet algorithm [27] with
distance parameter R = 1.0 and then trimmed [28] by re-clustering the constituents of the jet into subjets
using the k, algorithm with distance parameter Ry, = 0.2 and removing any of these subjets with trans-
verse momentum (pr) less than 5% of the original jet py. Large-radius calorimeter jets are built from
calorimeter-cell clusters calibrated to the hadronic scale using the local cell signal weighting (LCW)
method [29]. The jet energy and pseudorapidity is then further calibrated to account for residual de-
tector effects using energy and pseudorapidity dependent calibration factors derived from simulation [30-
32]. The jet mass calibration is the final calibration step for large-radius calorimeter jets and it is de-
scribed in Sec. 5. All large-radius calorimeter jets are required to have pr > 200 GeV with || < 2.0.
Detector-stable simulated particles (¢t > 10 mm), excluding muons and neutrinos, are used as inputs for
particle-level truth jets. Small-radius jets? are formed from calorimeter cell-clusters at the electromag-
netic (EM) scale and then corrected on average for the impact of pileup. These jets are then calibrated to
the hadronic scale as described in Ref. [31]. A further calibration is applied to data in order to correct for
differences in the response measured using in-situ techniques.

2 Small-radius jets are clustered using the anti-k; jet algorithm with R = 0.4 distance parameter.



Large-radius calorimeter jets are identified as W/Z-jets (top-jets) if there is a truth W/Z-boson (top quark)
associated to their untrimmed jet area using the ghost association method [33]. The W/Z-jets (top-jets) are
studied in simulated samples of W’ boson (Z’ boson) events and they are required to have pr > 250 GeV
(> 350 GeV).

Tracks are reconstructed in the inner detector using an iterative algorithm seeded on combinations of
measurements from the silicon detectors and combining a combinatorial Kalman filter with a stringent
ambiguity solver [34]. Reconstructed tracks are required to have transverse momentum of at least 400
MeV, |n] < 2.5, and have at least seven hits in the pixel and SCT detectors. Not more than one module
with such hits is allowed to be shared between multiple tracks in the pixel or SCT detector. Further, the
total number of holes3 is not allowed to exceed two per track, and not more than one in the pixel detector.
Additionally, the tracks must have been used in the fit of the primary vertex, or they were not used in
any vertex fit. In the latter case, their absolute value of sz times sin @ must be less than 3 mm. sz is
the difference between the longitudinal position of the primary vertex and the longitudinal position of the
track along the beam line at the point where d2L, the transverse impact parameter calculated with respect
to the measured beam line position, is measured. Tracks are associated to jets using the ghost association
method.

5 Jet Mass Definitions and Calibration

5.1 Jet mass definitions

The calorimeter-based jet mass (1m?'°) for a large-radius calorimeter jet J with calorimeter-cell cluster
constituents ; with energy E;, momentum j; (|p;| = E;) is defined as:

ao_ [y El_]z _ [Z ﬁi]z, ()

ieJ ieJ

The angular spread in the decay products of a boosted massive particle scales as 1/pr. For a sufficiently
high Lorentz boost, this spread is comparable with the calorimeter granularity. Tracking information
can be used to maintain performance beyond this granularity limit. One simple method for combining
tracking and calorimeter information is the track-assisted jet mass (m™):

calo

p
mTA — T % mtrack’ (2)
track
Pt
where p%alo is the transverse momentum of a large-radius calorimeter jet, p‘TraCk is the transverse mo-

mentum of the four-vector sum of tracks associated to the large-radius calorimeter jet, and m"™ is the

invariant mass of this four-vector sum (the track mass is set to m,). The ratio of p%alo to ptTraCk corrects for

charged-to-neutral fluctuations, improving the resolution with respect to a track-only jet mass definition

3 Holes are defined as intersections of the reconstructed track trajectory with a sensitive detector element that do not result in a
hit.



(m"K). This is illustrated by Fig. 1, which shows that the peak position and width of the track-assisted
jet mass (dashed black line) are comparable to the calorimeter-based jet mass (dashed red line) and signi-
ficantly better than the track-only jet mass (dashed blue line) for 1.6 TeV < pt < 1.8 TeV.

A procedure for correcting the jet mass as in Eq. 2 was first proposed using hadronic calorimetry to correct
electromagnetic-only measurements [35, 36]. The extension to charged particle tracks was introduced
in the context of top-quark jet tagging [37] using the HEPTopTagger algorithm [38, 39]. Since that
time, there have been phenomenological studies using track-assisted jet mass* for ultra boosted (pr =
O(10) TeV) boson and top quark jets [40, 41]. This note is the first experimental study of the track-
assisted jet mass, including a discussion of its calibration and the associated systematic uncertainties.
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Figure 1: Uncalibrated (dashed line) and calibrated (solid line) reconstructed jet mass distribution for calorimeter-
based jet mass, m°¥° (red), track-assisted jet mass m ™™ (black) and the invariant mass of four-vector sum of tracks
associated to the large-radius calorimeter jet m"* (blue) for W/Z-jets.

5.2 Jet mass scale calibration

The jet mass scale (JMS) calibration procedure aims to correct, on average, the reconstructed jet mass
to the particle-level jet mass by applying calibration factors derived from a sample of simulated QCD
multijet events. The procedure is analogous to the jet energy scale (JES) calibration [30-32].

The calibration is derived using isolated large-radius calorimeter jets that are matched to isolated particle-
level truth jets. A particle-level truth jet is considered matched to a large-radius calorimeter jet if it is
within AR < 0.6 of the calorimeter jet. The isolation criteria is that there should be no other large-radius
calorimeter (particle-level truth) jet with pr > 100 GeV within AR = 1.5 (2.5).

4 The phenomenological studies have not given a name to the quantity to Eq. 2, so it is defined here as the track-assisted jet
mass.



For each matched pair of large-radius calorimeter and truth jets, the jet mass response for a given jet mass
definition is defined as:

Ry = mreCO/mtruth; mrece ¢ CJES . mcalo’CJES . mTA’ (3)

where ¢'ES is the jet energy scale calibration factor which depends on E™ and 7¢..> The jet mass
response is calculated using the reconstructed jet mass with the jet energy scale calibration applied. For
each (ptrllth [17det|, m™™M)-bin, the average jet mass response (Ry,) is extracted and defined as the mean of
a Gaussian fit to the jet mass response distribution. In order to be able to apply the calibration in data, the
procedure must not depend on particle-level quantities. To this end, a numerical inversion technique is
applied to calibrate a reconstructed jet quantity x™:

1r€Co
reco X

X calibrated = <R >( f ( reco))

(EI‘CCO or p’IfCCO’ndet’xI'CCO) . xreco, (4)

where f(x) = (Ry)(x)-x, which is the average reconstructed jet quantity given the particle-level quantity
and ¢y is the calibration factor for x"°° which is defined as the inverse of the average response (1/(R)).
In a given |ng4e|-bin, the jet mass scale calibration factors cy,ss are parameterized as a function of preco
and m"™°° and the function is constructed by using a two dimensional Gaussian kernel (see Ref. [42] for
more detail). For a reconstructed large-radius calorimeter jet with energy E™°, reconstructed transverse
momentum Pr°°, detector pseudorapidity 77¢er, calorimeter-based jet mass m° and track-assisted jet
mass m ™, the calibration is applied first for the jet energy and then for the jet mass:

calo _ JMS JES | reco calo JES calo
M alibrated = calo (c s IMdedl, S m )¢ me, &)
TA MS  JES preee TAy . JES  _TA
M qlibrated = CTA (c |77det| C m?)-c -m, (6)
where cggfos (cJMS) is the jet mass scale calibration factor for calorimeter-based (track-assisted) jet mass

with a dependency on the JES-calibrated p*°, [nqet| and the JES-calibrated mo (m™). The jet mass
is said to be calibrated if the average response (R) = 1 and the calibration procedure is deemed to fulfil
closure when the same calibration factor is applied to the same sample from which it is derived.

The jet energy calibration partially mitigates the inhomogeneities in the detector response as a function
of i, but the full mass calibration is required to bring the average response close to one. Figure 2 (a, ¢)
shows the calorimeter-based and track-assisted average jet mass response as a function of pm‘th for several
m™® bins. Since the p“leo term in the definition of the track-assisted jet mass (Eq. 2) is calibrated, the
residual jet mass calibration factors are smaller than for the calorimeter-based jet mass.

Figure 3 (a, c¢) shows the calorimeter-based and track-assisted average jet mass response for several |17ge|
bins. A dependency on |14 is observed for the calorimeter-based average jet mass response while there
is none for the track-assisted average jet mass response. Figure 4 (a, ¢) shows the dependency of both jet
mass response on m™M,

Following the jet mass scale calibration, a uniform jet mass response is restored to within about 3%
across the pi™™", m"™™ and |nge| range for both reconstructed jet mass definitions as shown in Fig. 2 (b,

3 The pseudorapidity of the jet based on the detector geometry.
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Figure 2: The average calorimeter-based jet mass response (a,b) and the average track-assisted jet mass response
(c,d) as functions of pt{“‘h for central jets in bins of m™ ™ before (a,c) and after (b,d) the mass calibration is applied.
The dashed lines are at 1 + 0.03.

d), Fig. 3 (b, d) and Fig. 4 (b, d). For high p"™ and low m"™™" jets, there is non-closure for the shape of the
calibrated calorimeter-based jet mass response distribution as shown in Fig. 5(c). The calorimeter-based
average jet mass response distribution does not retain the gaussian shape after the jet mass calibration is
applied. At low m"™ ™ the calorimeter-based average jet mass response decreases rapidly as a function
of m™t  as shown in Fig. 4(a); therefore, in a fixed m"™" bin, lower mass response jets receive a larger
correction than higher mass response jets. The double-peak structure is additionally due to the large
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Figure 3: The average calorimeter-based jet mass response (a,b) and the average track-assisted jet mass response
(c,d) as functions of ptTruth for jets with 80 GeV < m™ < 100 GeV in bins of |n4et| before (a,c) and after (b,d) the
mass calibration is applied. The dashed lines are at 1 + 0.03.

resolution of the jet mass so that in a fixed m™" bin, there are two large populations of jets: those with
a low reconstructed mass that get a large correction (less than one) and those with a large reconstructed
mass that get a correction that is nearly unity (illustrated by Fig. 4(a)). For low p%“th jets (Fig. 5(a)) and
high m™ " jets (Fig. 5(b) and (d)), closure is observed for the shape of both jet mass response distributions

as the correction applied on the jet masses is small.
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(c,d) as functions of m™ ™ for central jets in bins of ptT““h before (a,c) and after (b,d) the mass calibration is applied.
The dashed lines are at 1 + 0.03.
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Figure 5: Uncalibrated (dashed line) and calibrated (solid line) jet mass response distributions for calorimeter-based
jet mass (red) and track-assisted jet mass (blue) for central jets with 1.0 TeV < p‘T““h < 1.2 TeV (a,b) and 2.25 TeV <
p‘Tm‘h < 2.5TeV (c,d).
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6 Jet Mass Performance in Simulation

Figure 6 shows the jet mass resolution as a function of truth jet pt for W and Z bosons jets as well as top
quark jets. There are many ways to quantify the resolution of the response distribution, but one robust
method that is insensitive to outliers is to use half of the 68% interquantile range (IQnR)¢ divided by the
median. In the ideal Gaussian case, this quantity coincides with the standard deviation. The left plot
in Fig. 6 shows that both the calorimeter-based and track-assisted jet mass resolution degrade at high
pr; for the calorimeter this is due to finite granularity and for the tracker this is due to an increasing
track resolution and an increased rate of track merging in the high density jet core. For W and Z boson
jets, the track-assisted jet mass has a superior resolution to the calorimeter-based jet mass above about
pr > 1 TeV. The charged-to-neutral fluctuations dominate the resolution of the track-assisted jet mass,
which is worse than that of the calorimeter-based jet mass resolution below 1 TeV. In contrast, the track-
assisted jet mass resolution is larger than the calorimeter-based jet mass resolution over the entire range
pr range for top-quark jets. For a fixed pr, the separation between the decay products of primary particles
with mass m is proportional to m. Therefore, the point at which the calorimeter granularity makes the
calorimeter-based jet mass resolution worse than the track-assisted jet mass resolution is at a much higher
pr- This point is also higher for top-quark jets due to the larger subjet multiplicity. The track-assisted
jet mass performance can be improved at low pr by reducing the impact of charge-to-neutral fluctuations
through local (subjet) corrections. This is explored in more detail in Sec. 10.2. The baseline track-assisted
jet mass is most useful for W and Z boson jets with pr > 1 TeV, where the resolution is smaller than the
calorimeter-based jet mass without any further modification.
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Figure 6: The resolution of the jet mass response as a function of truth jet pt for W and Z boson jets (a) and top-
quark jets (b) for calorimeter-based jet mass (red dashed line) and track-assisted jet mass (blue solid line). The
half of the 68% interquantile range (IQnR) divided by the median of the jet mass response is used as an outlier
insensitive measure of the resolution.

6 This is defined as q849% — q16%. Whereby q69, and ggq9, are the 16Mand g4th percentiles of a given distribution.
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7 Jet Mass Systematic Uncertainties

A variety of methods are used to estimate potential sources of systematic differences in the jet mass scale
and resolution between the data and simulation. Since the partonic center of mass energy is unknown
at a hadron collider, there is no conservation law to use direct balance techniques to constrain the mass
resolution using data, as it can be done for the jet pr. The jet mass scale of calorimeter-based jet mass
is probed in the data by studying the ratio r™ , = m°/m'™¥ in an inclusive selection of high pr QCD
dijet events [32]. The average value of r . is approximately” proportional to the jet mass scale and
sol — (r{;‘ack)Data/ <r:;]ack>MC is a measure of the scale uncertainty. Track modeling and fragmentation
modeling can also introduce changes in 1 — (Fiack )Data/{"track )MC, SO their uncertainties limit the precision
of this method to ~ 5%. The r,k-method cannot be used to measure the jet mass resolution because
the resolution of r; | is dominated by charged-to-neutral fluctuations. Instead, an in-situ method based
on the hadronic-decay of W bosons and top quarks is used for this purpose, described in Sec. 9 in more

detail.

One key advantage of the track-assisted jet mass over the calorimeter-based jet mass is that the systematic
uncertainties can be determined through auxiliary studies. In particular, the jet mass scale and jet mass
resolution uncertainty on m™ are estimated by propagating the track reconstruction uncertainties and
calorimeter-jet pr uncertainties through the definition in Eq. 2. The calorimeter-jet pr uncertainty is
estimated using the pr version of the r,x method: rfr’ ;Ck = p%"‘lo / ptTraCk, though in the future any of the

in-situ methods for small-radius jets could be adapted for this purpose.

The dominating track reconstruction inefficiency for isolated particles is due to hadronic interactions with
the inner detector material. Inside the core of high pr jets, an additional inefficiency due to the high
particle-density exists. For isolated tracks, the reconstruction efficiency uncertainty is estimated by vary-
ing the amount of inner detector material within its measured uncertainty [43]. The uncertainty on the
loss of tracks in the core of high pr jets is estimated with a data-driven technique based on the meas-
ured energy loss of charged particles in the pixel detector [44]. In addition to the track reconstruction
efficiency, the other leading source of uncertainty is due to fake tracks resulting from badly reconstructed
tracks. The modeling of fake tracks is probed in data by studying the pileup dependence of the number
of reconstructed tracks. Based on the assumption that this dependency should be linear without any fake
track contribution, the fraction of fakes is estimated by any observed non-linearity. A 30% uncertainty on
the fake rate is assigned based on data/MC comparisons of this dependence. Furthermore, possible effects
due to the uncertainty in the reconstructed momentum of tracks were assessed using an iterative method
based on Z — uu events [45-47]. In addition to detector-based uncertainties, the modeling of frag-
mentation leads to an uncertainty in the track-assisted jet mass resolution. A fragmentation uncertainty is
estimated by comparing PyTthia 8 and HErRwIG++.

Figure 7 summarizes the various components of both the calorimeter-based and track-assisted jet mass
scale uncertainties. The tracking uncertainties for m™ and for meao (through rack) are fully correlated.
However, the impact of the tracking uncertainties are smaller for m™ compared with m°¥° because a
large extent of the uncertainty cancels in the ratio m"k/ ptTraCk. At high pr, the uncertainty is limited by
the size of the dataset used to assess the modeling of ry,cx. Between about pr = 300 GeV and pt = 1
TeV, the uncertainty is about 4% for m°?° and about 2% for m™.

7 One can decompose rg‘ack = R x (miruth/ycharged truthy o, charged truth /;tracky £ 4] three terms on the right hand side of
the equation are independent, then (r:?ack) oc (R). However, since the calorimeter response depends on the charged-to-neutral

ratio, this factorization is only approximate.
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Figure 7: A breakdown of the systematic uncertainties on the jet mass scale for m° (left) and m™ (right) as a
function of jet pr for m™°/pr = 0.1 and || < 2. In the right figure, the total JMS uncertainty for m° is included
for comparison with the total JMS uncertainty for m™. The uncertainty is parameterized as a function of m/pr and
these two plots show a slice at m/pr = 0.1.

8 Comparisons between Data and Simulation

Figure 8 shows the distribution of the reconstructed jet mass in a sample of events enriched in top quark
pair (¢f) events. The selection is based on the Run 1 in-situ JMS/JMR measurement [48] and is summar-
ized here for completeness. Single-muon triggers are used to reject most of the events from QCD multijet
background processes. t7 events are chosen by requiring a muon with pt > 25 GeV and || < 2.5, as well
as a missing transverse momentum E%li“ > 20 GeV. The muons are required to satisfy a series of quality
criteria, including isolation.® The events are rejected if there is an additional muon. In addition, the sum
of the E%liss and the transverse mass® of the W boson, reconstructed from the lepton and ETmiSS, is required
to be greater than 60 GeV. Events must have at least one b-tagged jet (at the 70% efficiency working point
for jets containing b-hadrons) and have at least one large-radius trimmed jet with pt > 200 GeV and
|n| < 2. Furthermore, there must be a small-radius jet with pt > 25 GeV, and AR < 1.5 to the selected
lepton (targeting the decay chain + — bW(— wv)). The resulting event purity is better than 70%. As
expected, there are three mass peaks in Fig. 8 corresponding to the top quark mass, W boson mass, and
the quark/gluon Sudakov peak. The W boson mass peak is more pronounced than the top quark mass
peak due to the relatively low pr. For pr > 200 GeV, the track-assisted jet mass resolution is significantly
larger than the calorimeter-based jet mass, which is why the W-boson mass peak is broader for the top
right plot of Fig. 8. The top quark mass peak is enhanced at higher pr in Fig. 9.

8 Muon are considered isolated if they are well separated from jets (AR > 0.4) and the track/calorimeter energy within a small
cone, centered on the lepton direction but excluding the lepton itself, is below a fixed relative value.
9 The transverse mass, mT, is defined as m,zr = prlf E%"SS(I — cos(Ag)), where A¢ is the azimuthal angle between the muon

and the direction of the missing transverse momentum.
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Figure 8: The calorimeter-based jet mass distribution (left) and the track-assisted jet mass distribution (right) for
jets with pr > 200 GeV. The MC is normalized to the data event yield. The uncertainty band includes systematic
uncertainties related to the modeling of #7 and the jet energy/mass scale uncertainties. See Sec. 9 for details.
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Figure 9: The calorimeter-based jet mass distribution (left) and the track-assisted jet mass distribution (right) for
jets with pr > 350 GeV. The MC is normalized to the data event yield. The uncertainty band includes systematic
uncertainties related to the modeling of #7 and the jet energy/mass scale uncertainties. See Sec. 9 for details.
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9 In-situ Mass and Energy Scale and Resolution

Top quark pair production provides an abundant source of hadronically decaying top quark and W boson
jets that can be used to study the reconstruction of the jet four-vector in-situ.'® One approach is the
forward-folding method [48], in which particle-level spectra are folded by a modified detector response in
order to best fit the reconstructed data. The resolution function that describes the transition from particle-
level quantities x™™" to calibrated detector-level quantities x™ is stretched and shifted so that the average

value of x™ in a fixed truth bin (x| x"h pr-°)is scaled by s and the resolution is independently scaled
by r:

xfoldedlxtruth’p%eco = gxfeco 4 (xreco _ <xrecolxuuth’pflf:co ) (r —s), (7)
where xfolded| xtruth preco i the folded quantity for a jet with x™™" and p¢¢®. By construction, x™lded = yreco

when s = r = | and xfolded = ytruth 3¢ ¢ — 1 = 0, and the method closes so that (x™|xtruth, POy =
x™h A two-dimensional y? fit is performed to determine the values sgig and rggg such that the folded
distribution best fits the data. By construction, fitting the simulation to itself results in sMc = ric = 1

To extract the jet mass scale and resolution, Eq. 7 is applied to the jet mass spectrum in one-lepton ¢
events (see Sec. 8). The W-boson and top-quark resonance peaks are due to the combination of final-state
radiation and the detector response. Taking the particle-level jet mass distribution as input, the relative jet

mass scale and jet mass resolution can be extracted from forward-folding.

An improvement in the v/s = 13 TeV measurement with respect to the /s = 8 TeV result in Ref. [48]
is the addition of jet energy scale and resolution constraints using the same forward-folding method.
Top-quarks in tf events tend to be produced with similar transverse momenta and so the ratio of the
hadronically decaying top quark to leptonically decaying top quark transverse momentum, pr2¢ ©°P / plP toP
: 1cally ymngtopq ptonically ymng top qu : » Pr I
is sensitive to the energy scale and resolution of the top quark jet. The leptonically decaying top quark is
reconstructed from the selected lepton, the missing transverse momentum, and the close-by b-jet used in
the event selection (see Sec. 8). The balance of the leading large-radius calorimeter jet pr with a partially
reconstructed leptonically decaying top quark pr from only the lepton (plTeP) or the lepton and the close-
by jet (plTeerb'Jet) is also considered due to their reduced systematic uncertainty from the calorimeter
energy scale. Figure 10 shows the calorimeter-based jet mass as well as the three reconstructed top-quark
transverse momentum ratio distributions. The p ratio with the fully reconstructed leptonically decaying

top quark has the sharpest peak because it contains the most information.

The y? distributions marginalized over s or over r are shown in Fig. 11 and 12, respectively. The minima
for the jet mass and energy resolutions are much flatter than for the corresponding scales because the
resolutions in Fig. 10 are largely dominated by the physical resolution (from e.g. FSR). As expected from
the relative size of the peaks in Fig. 10, the leptonically decaying top quark transverse momenta ratio is
the most sensitive to the relative scale and resolution.

Table 2 summarizes the fitted values and systematic uncertainties. The jet mass scale and resolution of
calorimeter-based jets are compared with the results obtained on /s = 8 TeV data in Fig. 13. The mass
scale and resolution of the track-assisted jet mass and reclustered jets are presented in Fig. 14.

10 The studies presented in this section are not currently used as the default uncertainties applied by analyses - see Sec. 7 for
the current jet mass scale uncertainties. These in-situ studies may be used in the future, but additional studies are required to
extend their validity beyond the presented kinematic regime.
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Figure 10: The distribution of the calorimeter-based jet mass (top left) and the jet pr divided by various reference
transverse momenta: charged lepton pr (top right), combined with the nearest b-jet momentum (bottom left),
further combined with the E%“iss (bottom right). The truth histograms show the distribution of the particle-level jet
mass (top left) or the particle-level jet pr divided by the detector-level reference momentum (top right and bottom).
The uncertainty band includes systematic uncertainties related to the modeling of ¢ and the jet energy/mass scale
uncertainties. See the text for details.

The jet mass scale and the resolution extracted from the data have a sizeable statistical uncertainty and
may be affected by a bias due to imperfections in the modelling of physics process or other aspects of the
experimental response.

The most relevant experimental uncertainties are those which change the shape of the jet pr or jet mass
distributions. The jet energy scale and jet energy resolution systematics are the most relevant systematic
uncertainties for the jet mass. Pile-up doesn’t strongly affect trimmed large-radius jets. Therefore, the
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Figure 11: The y? per degrees of freedom, marginalized over the relative jet mass or jet transverse momentum scale

for the calorimeter-based jet mass (top left), the jet pr using the ratio p?‘d / p?p (top right), the jet pr using the ratio

phady p]Tep *b3e (hottom left), and the jet pr using the ratio phady pl;p “P (bottom right).

associated systematic is small enough to be included as a component of JES uncertainty. Three different
scenarios are used to study the correlation between small-R jets and large-R jet uncertainties and no large
differences are seen. The b-tagging, E‘Tniss and lepton systematic uncertainties are small, since they affect
mostly the acceptance.

Uncertainties in the modelling of the ¢f production process, top quark decay and fragmentation of the
hadronic final state are the largest source of systematic uncertainty. The shape of the particle-level dis-
tributions and the distribution of the energy inside a jet depend on the modelling of fragmentation, as
well as initial and final state radiation. To take into account these effects, the fit is repeated with several
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T

Monte Carlo generators. The uncertainty due to the NLO subtraction scheme is estimated by comparing
a Powheg+Herwig sample with a MC@NLO+Herwig sample. The effect of using different fragmenta-
tion models is estimated by comparing Powheg+Pythia and Powheg+Herwig samples. Uncertainties due
to initial and final state radiation are estimated by comparing ¢ Monte Carlo generators with different
factorisation/renormalisation scales, as well as the Perugia radLo/radHi tunes.
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Quantity ‘ ‘ Value ‘ Stat. Uncert | Modeling ‘ Jets ‘ Total Syst.

meal sMC 10984 | 0.6% 7% |1.6% | 23%
mealo ris | 1.047 6.6 % 181% |70% | 194 %
m™ Sqa | 0.981 1.1 % 24% | 48% | 53 %
m™ rp- 1 1.036 | 6.1 % 146% |50% | 155 %
Prjet/ prr sMC 11011 0.7 % 13% |04% | 13%
Prie/ Py’ ric 110.945 4.1 % 68% |(27% | 13%
pT,jet/piir;‘P FhI | MC 0,085 | 0.4 % 07% |12% | 14%
Prialpy’ FRICTMC 10903 | 6.1% 55% | 47% | 12%
prje/pp 7| SNE | 0.987 0.2 % 03% [21% | 21%
pT,jet/p%P P MC 024 | 30 % 62% |60% | 8.6%
MC

Table 2: Summary of the systematic uncertainties for the relative jet mass or energy scales (s, -) and resolutions
(rggg). The first column states which observable is used to extract the relative jet mass (first four rows) or jet energy

(rows 5-10) scale and resolutions.
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Figure 13: The relative jet mass scale and relative jet mass resolution extracted from the /s = 8 TeV dataset for
large-radius trimmed calorimeter jets with a subjet size of Ry = 0.3 [48] and the values extracted from the /s = 13
TeV dataset with Ry, = 0.2.
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10 Improving the Track-assisted Jet Mass

As discussed in Section 6, the performance of track-assisted jet mass depends on the pr regime and the
topology of the signal jet. In this section, several explored techniques which have the potential to improve
the performance of the track-assisted jet mass are discussed.

10.1 Combination with the calorimeter-based jet mass

As the calorimeter-based jet mass is not used explicitly in the construction of the track-assisted jet mass, it
may be possible to reduce the response resolution by combining information from both mass definitions.
Fluctuations in the calorimeter energy response impact both the calorimeter-based jet mass and pr re-
sponse. However, the pt response is not as sensitive to the local distribution of fluctuations and therefore
the jet pr response and the calorimeter-based jet mass response are nearly independent. The correlation
is slightly higher at lower pr, where the the decay products are more spread out and thus the pr and mass
are more related. Figure 15 shows the track-assisted jet mass response vs the calorimeter-based jet mass
response for jets with pt > 1 TeV where the correlation coefficient is ~ 10%. Due to the approximate
independence and Gaussian nature of the pr and mass responses, the optimal combination of the two
variables is linear: 1 m®°™ = g x m¥° + b x m™. For calibrated m°¥° and m™, the combined jet mass

is also calibrated if @ + b = 1. Using this constraint and minimizing the resolution of the m°™ response
results in the nearly optimal weights:
-2 -2
o o
a= - calo - b — - TA _2’ (8)
9 calo + I1a O calo + 1A

where 0 a0 and o1a are the calorimeter-based jet mass resolution function and the track-assisted mass
resolution function respectively. Figure 16 shows the resolution of the calorimeter-based jet mass and the
track-assisted jet mass (as in Fig. 6), but additionally shows the resolution of the combined jet mass for
W-jets. The combined jet mass smoothly interpolate between m ™ ~ 4 at low pr and m™ ~ mTA
at high pr. As expected, the combined jet mass resolution is never larger than either of the input jet
masses. For top-jets, since the calorimeter-based jet mass performs best in all pr range, the combined
jet mass will be mostly weighted by the calorimeter-based jet mass contribution and the resolution of the

combined jet mass is as good as the calorimeter-based jet mass.

Systematic uncertainties on the combined jet mass are estimated by propagating uncertainties on m<°

and m™ through the linear combination defining m°™. Just as the tracking ryacx uncertainties for the
calorimeter jet py are treated as fully correlated with the tracking uncertainties on m™ and p‘TraCk, the
tracking ry,cx uncertainties for the calorimeter-based jet mass are also fully correlated with all of the
tracking uncertainties.

1L If the joint distribution of the responses is Gaussian, then one can write their probability distribution function as f(x,y) =
h(x,y) x exp[A(u) + T(x,y)u], where x is the calorimeter-based jet mass response, y is the track-assisted jet mass response,
u is the common average response, and i, A,T are real-valued functions. This form shows that the distribution is from the
exponential family and therefore T is a sufficient statistic. Since the natural parameter space is one-dimensional, 7 is also
complete. Therefore, the unique minimal variance unbiased estimator of u is the unique unbiased function of T'(x,y) =
x/o')% + y/o-%. See e.g. Ref. [49] for details.
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Figure 15: The calorimeter-based jet mass response vs the track-assisted jet mass response for W/Z-jets produced
from with pt > 250 GeV (left) and pr > 1 TeV (right).
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10.2 Track-assisted subjet mass

Figure 1 illustrated that correcting the track mass by p%alo / p‘TraCk is essential for improving the resolution
of the jet mass. The charged-to-neutral fluctuations are large and the physical resolution of the track-
mass with respect to the full particle-level jet mass is comparable to the detector-level calorimeter-based
jet mass resolution. One way to further reduce the resolution of the track-assisted jet mass is to use local
charged-to-neutral corrections by applying the track-assisting procedure to subjets. The charge-to-neutral
ratio is not constant across the jet and therefore the fluctuations can be suppressed by correcting different
regions separately. A set of tracks is matched to each calorimeter subjet? using the ghost-association
method and the track-assisted four-vector of the subjet as specified by:

(PTena ¢’m)subjet — (p_cralo’ntracks’ ¢tracks’mtracks x p_cral()/p%acks) , (9)

where the tracker information is used to obtain geometric information and the calorimeter is used for
energy information. The m™S3 is then given by the invariant mass of the sum of all track-assisted subjet
four-vectors. Figure 17 shows the resolution of the m ™3 compared with m™ and the calorimeter-based
jet mass resolution. For boosted W boson jets at relatively low pr, the m™ has significantly better
resolution than m™ due to the superior angular resolution from the tracker for the resolved subjets. The
improvement is less significant at high pt > 2my /R ~ 1 TeV, where many jets have only one subjet.
For top-quark jets, the low pr regime end is much higher as m,, ~ 2my . Therefore, m™sS is a significant
improvement upon m™ over the entire range in Fig. 17 and the resulting resolution is slightly worse to
the calorimeter-based jet mass resolution.

The subjet track-assisted jet mass is a promising extension of the m ™ with a resolution that is as low or
lower than the calorimeter-based jet mass over a wide range of phase space. One key challenge is the
calibration of the subjet energy scale. Such a calibration would improve the resolution of the overall jet
mass, but requires a careful analysis of the impact of close-by jets on the energy scale. Furthermore, in
order to benefit from the factorization of mass and pr systematic uncertainties, it is necessary to measure
the subjet energy and mass scale and resolution. In-situ techniques for measuring the subjet energy scale
have been developed previously [50], but these must be extended to the energy resolution and possibly
the mass scale and resolution in the future.

10.3 Further Improvements to the Jet Mass

One natural extension of m™3 is to combine it with the calorimeter-based jet mass as described in
Sec. 10.1. This is not as simple as for m™ because the use of local calorimeter information induces a cor-
relation between the calorimeter-based jet mass response and m™S. This is shown explicitly in Fig. 18.
The correlation is strongest for top-quark jets (p ~ 0.57) than for W-boson jets (o ~ 0.24) due to the
higher subjet multiplicity. For approximately Gaussian distributed response distributions, a generalized
linear combination is still nearly optimal, though Eq. 8 must be generalized to include correlations.

12 The R = 0.2 subjets which survives the trimming procedure. A method based on independently clustered track-jets matched
to calorimeter subjets was also studied, but found to result in a slightly worse resolution (and has an algorithmic complication
for unmatched track-jets and calorimeter subjets).
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Figure 17: The jet mass resolution as a function of jet pr for jets produced from boosted W bosons (left) and from
boosted top quarks (right). Three different jet mass reconstruction algorithms are displayed: the track-assisted jet
mass (mT™), the track-assisted subjet mass (m™S3) and the calorimeter-based jet mass (mealo),

It may be possible to further reduce the local charged-to-neutral fluctuations by decreasing the subjet
size. A particle-flow like algorithm is recovered in the limit that the subjet size tends to zero. While this
introduces challenges like the ones described at the end of Sec. 10.2, it also may degrade performance at
very high pt where tracks and calorimeter clusters cannot be uniquely matched with high efficiency.
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Figure 18: The calorimeter-based jet mass response vs the track-assisted subjet mass response distribution for W/Z-
jets (left) and top-jets (right). The linear correlation coefficient is displayed in the top right of both plots.

In addition to reducing the resolution from mitigating local charged-to-neutral fluctuations, there may also
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be potential gains from improving the use of the tracks at high pr. Figure 19 shows the track-assisted jet
mass response when replacing detector-tracks with the charged-particles in the associated particle-level
truth jet. The resolution of the charged-particles m™ response is a lower bound on potential improvements
from tracking. For instance, per-track covariance matrices could be used to reduce the impact of poorly
reconstructed tracks.
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Figure 19: The track-assisted jet mass response distribution for 2.2 TeV< pp < 2.4 TeV and 80 GeV< m"™® <
90 GeV. The blue histogram filled with lines slanted down to the right uses reconstructed tracks to define m™ while
the red histogram with lines slanted up to the right uses promptly produced charged particles with ¢t > 30 ps,
excluding muons.
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11 Conclusions

This note has described the reconstruction of the mass of large-radius jet. Two definitions of the recon-
structed jet mass are presented and each of the definitions has its own advantage. The calorimeter-based
jet mass is deduced from the calorimeter-cell cluster constituents of the jet while the track-assisted jet
mass exploits the fine granularity of the tracker to reconstruct the jet mass. The jet mass scale calibration
procedure is described for the calorimeter-based jet mass and the track-assisted jet mass and calibrated
jet masses are within 3% of the particle-level truth jet mass. The performance of all jet mass definitions
are evaluated by comparing the fractional resolution of each jet mass definition and the systematic un-
certainties on the track-assisted jet mass is compared to the calorimeter-based jet mass. To estimate the
relative jet mass scale and resolution between simulation and data, an in-situ forward folding method is
employed on events enriched with top-jets and W-jets and this method is extended to measure the relative
jet energy scale and resolution. Techniques to improve the track-assisted jet mass through a linear com-
bination with the calorimeter-based jet mass and employing the track-assisted jet mass method on subjets
are discussed.
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