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1 Introduction

The W boson is produced at high rates in proton-proton pp collisions at the CERN LHC.
The mass of the W boson, myy, is among the most precisely known parameters of the
standard model (SM) of particle physics, with measurements at LEP [1], Tevatron [2, 3], and
LHC [4-6]. The most recent measurement by the CMS Collaboration yields myy = 80.3602 £+
0.0099 GeV [7], consistent with the SM expectation [8]. The large center-of-mass energy at
the LHC enables the study of W bosons with very high transverse momenta pp > myy .
The majority of W bosons decay into quark-antiquark pairs that appear in the detector
as two separate jets. For W bosons with high pr and therefore large Lorentz boosts, the
quark-antiquark pair is highly collimated in the laboratory frame, such that the products of
the parton showering and hadronization of the quark-antiquark pair are contained within
a single large-radius jet. At the LHC, jets with high energy are produced abundantly and
only a small fraction originates from W bosons. An analysis of the jet substructure can be
used to identify the initiating particle of such jets. A well-established quantity to distinguish
such jets from quark- and gluon-initiated background jets is the jet mass computed after
the removal of soft and wide-angle radiation from the parton shower with a jet grooming
technique [9, 10]. Jets initiated by boosted W bosons are the subject of many direct searches
for new physics and measurements of SM properties, which are often limited by imperfect
modeling of the jet substructure [11, 12]. Such modeling involves parton showering and
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Figure 1. Example tree-level Feynman diagram contributing to W(qﬁl)—l—jets production.

hadronization, described in the simulation partly by perturbative quantum chromodynamics
(QCD) and partly by phenomenological models. A precise measurement and understanding
of the W boson jet mass distribution is therefore important.

Previous measurements at SPS [13], LEP [1] and Tevatron [14] had extracted myy using
the W boson decay to a final state with a pair of jets. In this paper, we present the first
measurement of the mass of large-radius jets originating from the hadronic decay of W
bosons with large Lorentz boosts. We aim at improving the precision compared to previous
measurements in all-jets final states at hadron colliders. The expected precision of the
extracted myy parameter is not yet competitive with previous measurements making use of
leptonic final states. This measurement represents a first step towards a potential precision
measurement of myy in the all-jets final state at the high-luminosity LHC (HL-LHC) with
prospects outlined in ref. [15]. The measurement reported here is mainly aimed at testing
and improving the modeling of jet substructure in W boson production.

An example Feynman diagram of a boosted W (qq’)+jets event is depicted in figure 1.
At leading order, the jet initiated by the boosted W boson and a recoiling jet from a quark
or gluon carry the same transverse momentum making them difficult to distinguish. The
sample of boosted W(qq/)—}—jets events is subject to a large background coming from multijet
production through QCD processes. This introduces one of the main challenges in the
analysis and is addressed with dedicated W boson jet tagging approaches for background
removal and an estimate of the remaining QCD multijet background using control samples in
data. Ordinary QCD jets acquire mass from splittings of quarks and gluons in the parton
shower. To mitigate the effects of soft and wide-angle radiation that obscure the jet mass,
the modified mass drop algorithm [16, 17], which is a specific example of soft-drop (SD)
grooming [18], is applied. This technique removes soft and wide-angle radiation below a
specified threshold. Applying grooming significantly reduces the mass of quark- and gluon-
initiated jets, while bringing the mass of signal jets closer to the W boson mass, thereby
enhancing the signal-to-background ratio for W boson identification. In addition, events are
categorized using a jet substructure tagger that distinguishes the characteristic ‘two-prong’
substructure, corresponding to the fragmentation and hadronization of the two colored partons
from the W boson decay, from the ‘one-prong’ background, where prongs are localized clusters
of energy within the collection of final-state particles of the jet.

The analysis uses pp collision data at /s = 13 TeV recorded by the CMS experiment [19]
at the LHC during 20162018, corresponding to an integrated luminosity of 138 fb~!. Measure-



ments of the jet mass distribution have been previously performed at the LHC for light-quark
and gluon jets [20-22], top quark jets [23—-25], and Z boson jets [26]. The measurements of
quark and gluon jets offer a testbed for perturbative and nonperturbative QCD predictions.
The study of the top quark jet mass enables the determination of the top quark mass using a
sample of boosted W bosons for the jet mass calibration, which relies on a precise under-
standing of jet substructure in events with a color-connected top quark-antiquark pair (tt).
The W(q@’)—kjets process offers a sample of boosted W bosons decaying to a quark-antiquark
pair that is not color-connected to the remainder of the event. In this paper, the groomed
jet mass distribution of W(qq’)+jets events is measured in intervals of the jet transverse
momentum with pr > 650 GeV. A two-dimensional unfolding of the data in jet mass and
pr is performed using a maximum-likelihood template fit. Finally, myy is extracted using
a template fit to the unfolded data.

The paper is organized as follows. In section 2 a brief description of the CMS detector
and event reconstruction is given. Section 3 provides details on the simulation used for the
analysis. The jet mass observable and jet substructure algorithms are explained in section 4.
This is followed by descriptions of the event selection in section 5, the background estimation
procedure in section 6 and the uncertainties in section 7. The unfolding of the data for detector
effects is described in section 8 and the results of the cross section measurement and the
estimation of the myy parameter are presented in section 9. Section 10 summarizes the paper.

2 The CMS detector and event reconstruction

The central feature of the CMS apparatus [19, 27] 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 detected in gas-ionization chambers 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, can be found in refs. [19, 27].

The silicon tracker used in 2016 measured charged particles within the range |n| < 2.5. For
nonisolated particles of 1 < pp < 10GeV and || < 1.4, the track resolutions were typically
1.5% in pr and 25-90 (45-150) um in the transverse (longitudinal) impact parameter [28].
At the start of 2017, a new pixel detector was installed [29]; the upgraded tracker measured
particles up to |n| = 3.0 with typical resolutions of 1.5% in pp and 20-75 um in the transverse
impact parameter [30] for nonisolated particles of 1 < pp < 10 GeV. According to simulation
studies [31], similar improvements are expected in the longitudinal direction.

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 4 us [32]. The second
level, known as the high-level trigger, 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 a few kHz before data storage [33, 34].



The particle-flow (PF) algorithm [35] aims to reconstruct and identify each individual
particle in an event, with an optimized combination of information from the various elements
of the CMS detector. The energy of photons is obtained from the ECAL measurement.
The energy of electrons is determined from a combination of the electron momentum at the
primary interaction vertex as determined by the tracker, the energy of the corresponding
ECAL cluster, and the energy sum of all bremsstrahlung photons spatially compatible with
originating from the electron track. The energy of muons is obtained from the curvature of
the corresponding track. The energy of charged hadrons is determined from a combination
of their momentum measured in the tracker and the matching ECAL and HCAL energy
deposits, corrected for the response function of the calorimeters to hadronic showers. Finally,
the energy of neutral hadrons is obtained from the corrected ECAL and HCAL energies.

The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering
in the event, evaluated using tracking information alone, as described in section 9.4.1 of
ref. [36]. Additional pp interactions within the same or nearby bunch crossings (pileup) can
contribute additional tracks and calorimetric energy depositions to the jet momentum [37].
The pileup per particle identification algorithm (PUPPI) [38, 39] is used 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 PV
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 PV 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 PV, deduced from the local shape variable,
superseding the need for jet-based pileup corrections [38].

For each event, hadronic jets are clustered from the reconstructed PF candidates with
the PUPPI weights applied, using the infrared and collinear safe anti-kt algorithm [40, 41]
with a distance parameter R = 0.8. The jet momentum is determined as the vectorial sum of
all particle momenta in the jet. It is found from simulation to be, on average, within 5 to
10% of the true momentum over the entire pp spectrum and detector acceptance. Jet energy
corrections are derived from simulation to adjust the measured response of jets to that of
particle-level jets on average. In-situ measurements of the momentum balance in dijet, Y+jets,
Z+jets, and multijet events are used to account for any residual differences in jet energy scale
in experimental data and simulation [42]. The jet energy resolution amounts typically to 15%
at 10 GeV, 8% at 100 GeV, and 4% at 1TeV. Additional selection criteria are applied to each
jet to remove jets potentially dominated by instrumental effects or reconstruction failures [38].

In simulation, we also cluster particle-level jets using the same jet algorithm from final-
state particles with proper lifetime ¢r > 10 mm, after hadronization, where c is the speed
of light. The distance parameter is R = 0.8 unless quoted otherwise.

The techniques used for the reconstruction of the jet mass and jet substructure are
discussed in section 4.



3 Event simulation

The simulation of pp collision events is performed using various software packages in multiple
steps. Processes of W (qq’)+jets, and Z(qq)-+jets are generated at leading order (LO) using
MADGRAPH5 _aMC@NLO v2.6.5 [43] with additional partons added to the matrix element
computation. The W(qq')+jets sample is generated with up to three additional partons,
while the Z(qq)+jets one is generated with up to four partons. The MADGRAPH5_aMC@QNLO
generator is interfaced to PYTHIA 8.309 [44] with the CP5 tune [45] for the parton showering
and hadronization. PYTHIA implements a dipole shower ordered in pp and the hadronization
of quarks and gluons into final hadrons is described by the Lund string model [46, 47]. To
avoid double-counting of jets from the matrix element calculations and the parton shower, jets
are matched using the MLM scheme [48]. An alternative sample of W (qq’)+jets is obtained
interfacing MADGRAPH5 aMC@NLO with HERWIG 7.2.2 [49] at LO with angular-ordered
showering and the CH3 tune [50]. The sample is generated with up to three jets in the final
state using FxFx matching [51]. The MADGRAPH5_aMC@NLO generator is used to generate
samples of QCD multijet events binned in the scalar sum of all jet transverse momenta
(Ht) at LO with up to four R = 0.4 jets in the final state that are showered with PYTHIA
using MLM matching. The POWHEG v2 generator [52-54] is used for the simulation of the
tt process at next-to-LO (NLO) accuracy in perturbative QCD [55] and is interfaced with
PYTHIA. All samples are generated using the NNPDF3.1 [56] parton distribution function
(PDF) sets at next-to-NLO (NNLO) accuracy. The generated events are then passed through
the GEANT4 [57] package to simulate the CMS detector response before they are treated
with the same reconstruction algorithms as the real data.

The simulated events are corrected for various effects, which are not well modeled in the
simulation. These correction factors are applied to the simulated events as event weights.
The W (qq')+jets and Z(qq)-+jets samples are corrected to higher-order precision using the
same dedicated correction factors as derived in ref. [58]. These corrections are multiplicative
factors for the differential cross section of the V+jets (where V stands for W or Z) processes
as a function of the pp of the vector boson. They include higher-order QCD and electroweak
(EW) effects. The QCD corrections were derived from NLO V+jets samples generated using
MADGRAPH5_aMC@NLO, whereas the EW corrections are based on higher-order calculations
at NLO EW precision [59]. The NLO POWHEG+PYTHIA tt samples used in the analysis show
deviations in the pr spectrum of top quarks when compared to data [60, 61]. We apply a
reweighting of tt events based on the measurements of the top quark pr.

As the detector conditions have varied throughout the data taking, four separate sets of
simulations with corresponding correction factors matching four data-taking periods (early
2016, late 2016, 2017, and 2018) are used. The events are generated with a distribution
in the number of pileup interactions per proton bunch crossing, which is not the same as
in observed events. All simulated events are reweighted to match the profile of that in the
respective data-taking period.



4 Jet mass reconstruction and jet substructure tagging

The jet with the largest p in the event, referred to as the leading jet, is considered the boosted
W boson candidate. While at leading order, the chance of selecting a jet from the recoiling
quark or gluon in a W(qq/)—i—jets event rather than the boosted W boson is 50%, this fraction
is strongly reduced by further selections on jet substructure as explained in the following.

The constituents of the leading jet are reclustered with the Cambridge-Aachen (CA)
algorithm [62], and then groomed using the SD algorithm. The SD algorithm splits the jet
into two subjets when undoing the last step of the CA jet clustering. It is then checked
if the two subjets satisfy the condition

min(p(Tl),p(TQ)) (ARH)BSd
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where p(T1 ) and p(T2 ) are the transverse momenta of the two subjets, R is the jet radius

parameter, ARy = \/(Ay12)2 + (A¢yy)? is the distance between the two subjets with the
rapidity and azimuthal differences Ay;9 and A¢qy, and 2. and Byq are tunable parameters of
the SD algorithm, set to default parameters z.,; = 0.1 and ;4 = 0 used in CMS studies [63].
In ref. [15], it was shown that the SD algorithm with this set of parameters is well suited

for this measurement in combination with a jet substructure tagger to reduce sensitivity
to nonperturbative effects. If the condition is met, the vectorial sum of the two subjets is
returned as the SD groomed jet. If the condition is not met, the subjet with the lower pr
is rejected. The declustering procedure is then repeated by splitting the higher-pr subjet
into two subjets, undoing another CA clustering step, and iterating until the condition is
met. This grooming procedure removes soft and wide-angle radiation from the jet, thereby
making the jet mass more resilient to effects from pileup, underlying event, and initial-state
radiation. The jet pr used for the measurement is taken from the original ungroomed anti-k
jet, because anti-k jet pp is resistant to soft and wide-angle radiation. The SD grooming
is only applied to compute the jet mass.

The reconstructed SD jet mass, mgp, is corrected to match that of particle-level jets on
average in two steps. First, jet energy corrections [42] are applied to the momenta of the SD
subjets of the uncalibrated CA jets, matching the response in data to that of particle-level
jets. As the mgp is strongly correlated with the momenta of the subjets, this procedure yields
a reconstructed mgp in data close to the particle-level SD jet mass m‘S’tDCl. Second, we apply
pr-dependent corrections of 2-6%, derived from the ratio of the reconstructed SD jet mass
to the particle-level SD jet mass in simulated W(q@’){jets events. While this correction
does not modify the data-to-simulation agreement, it simplifies the unfolding by yielding a
response closer to unity. Because of the PUPPI algorithm, the jet mgp is almost insensitive to
pileup [38]. It should be noted that this procedure does not rely on data samples containing
boosted W bosons, but rather independent dijet, y+jets, Z+jets, and multijet data samples
for calibration, in order to avoid any bias to the mass measurement.

We use jet substructure taggers that distinguish the characteristic two-prong substructure
of jets from boosted W bosons from light-flavor quark and gluon background jets. We
carry out the analysis with two different tagging strategies, first with a well-established



jet substructure observable Nz(l) [64, 65] and second with a neural-network classifier called
PARTICLENET [66]. The Nél)—based tagger is closer to a theoretically well-defined particle-
level observable, thus it can yield smaller extrapolation uncertainties between detector and
particle levels. The PARTICLENET tagger provides a cleaner sample with less background,
thus it can yield smaller experimental uncertainties. Whereas for a future measurement
with a larger data set, e.g. at the HL-LHC, the Nél)—based approach may be more suitable,
for this measurement, the PARTICLENET approach is presented as the main result, and the
Nél)—based approach as a cross-check.
The NQ(I) observable is a combination of energy correlation functions (ECFs) [64, 65]

(8) s - (m) 5

ven = > IR _pwin (AR,,)", (4.2)
1<y <ig<<ip<ny \a=1 m—=1 SRt

Pr,i

pPr,J

the number of constituent particles n; in the jet, the number of particles to correlate n,

with the energy fractions z; = , the particle and jet transverse momenta pr; and p j,
the chosen number v of angles AR, ; between particles with indices s and ¢ entering the
product, and the angular exponent 5. The IV, series of ECF ratios is designed to distinguish
jets with N-prong substructure,
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In the context of this paper, the variable N2(1) is used for the identification of W boson jets.

Using the definition of generalized ECFs in eq. (4.2) with 8 = 1, the variable NQ(D is defined
using the following two-point and three-point correlation functions:

2€§1) = Z Zizjzk min {AR”ARZ;C, ARZJAR]k, ARZkAR]k} 5
1<i<j<k<n,
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The PARTICLENET [66] algorithm is a graph neural network (GNN) based on a dynamic
graph convolutional neural network [67], designed to discriminate hadronic decays of highly
boosted top quarks, W, Z, and Higgs bosons from QCD multijet background. Whereas
many other machine-learning approaches treat the jet as an ordered structure [63], the
PARTICLENET algorithm treats jets as particle clouds, i.e., an unordered, permutation-
invariant set of particles. The GNN yields probability scores (in the following called PPN)
for each class of process used in the training. Each class corresponds to a decay mode of
the considered particle-category (e.g., W — q@’, where q € [u,d,s]). The PARTICLENET
algorithm is trained with the jet constituents (PUPPI weighted PF candidates) and secondary
vertices associated with the jet. Input for each particle is information about its kinematic
properties (pt, 1, ¢, energy), its charge, and the difference of each kinematic property and
the corresponding property of the jet. The secondary vertices include information about their
kinematics, displacement, and quality criteria. The P\l;'i}‘\,ls. qcp discriminator is defined as
the ratio of the sum of probability scores of the GNN for W — qq’, where q € [u,d,s,c],



and the sum over the W — qq’ and QCD multijet background modes includes all decay
modes considered by PARTICLENET.

The Ng(l) observable and the PARTICLENET discriminator are correlated with mgp. In this
measurement, a technique to estimate the QCD multijet background described in section 6
relies on a mass-decorrelated tagging variable for the construction of the control region (CR)
and signal region (SR). We therefore construct mass-decorrelated versions of the NQ(I) and
PARTICLENET discriminants. For PARTICLENET, the GNN architecture is trained using a
signal sample that consists of a generic spin-0 particle X with a uniform mass distribution
that decays into two highly Lorentz-boosted particles. This dedicated mass-decorrelated
(MD) training is referred to as PARTICLENET-MD. Additionally, the jets used in the training
are reweighted both in the signal and in the QCD background sample to have a flat jet pp
and mgp spectrum [68]. Finally, for both N2(1) and PARTICLENET-MD, we follow the design
decorrelated tagger (DDT) [69, 70] approach to modify the tagging variables. This approach
decorrelates the tagging variable by enforcing a constant selection efficiency for QCD multijet
background jets across the probed phase space. The DDT approach introduces the variable
PsSp = 21n("}%‘3) [16], whose distribution is approximately independent of pr for QCD jets.
Whereas mgp and pp could be used interchangeably for pgp and pr, the latter allow to
describe the phase space more conveniently for QCD jets. Here, the approach pioneered by
CMS [70] is adopted, thus the decorrelation is flattening the (pgp,pt)-dependence of the
tagging variable. For this, a constant selection efficiency for QCD jets across the (pgp, pr)
plane is enforced when selecting on N2(1) or P\,Pi,ljsl qQcp- The decorrelated variables NQ(I)’DDT

and P&&ng}), where the latter is also referred to as PARTICLENETDDT, are defined as

1),DDT 1 X
NQ( ) = 2( ) - PNél)(pSDva% ( )
4.5
PN,DDT X PN
Piys. QCD — vapvljs' QCD(pSDva) — Py QCD>

where PZ-X denotes the X-th QCD selection efficiency percentile of the tagger i as a function
of pgp and pp. The two taggers are then used by requiring the new variables to be negative,

ie., N2(1)’DDT < 0 and P&?S’PQDED < 0 to identify W jets.

5 Event selection

The data were collected by the CMS experiment in the years 20162018 and correspond to
an integrated luminosity of 138 fht. Triggers requiring an anti-kt jet with R = 0.8 and a
minimum pp of 450 and 500 GeV are used to collect W(qﬁl)—i-jets events. The trigger with
pr > 450 GeV was prescaled during part of the data taking, resulting in a lower effective
luminosity of 56.6 fb~!. The trigger with pp > 500 GeV was unprescaled, but inactive during
a small fraction of data taking. The data collected with this trigger correspond to an
integrated luminosity of 135 fb~ . The two triggers are used to select event samples with
offline jets passing 575 < pp < 650 GeV and pp > 650 GeV, respectively. Both triggers are
more than 99.9% efficient. To account for residual differences in trigger efficiency in data
and the modeled efficiency in the simulation, data-to-simulation scale factors are measured
and applied as event weights to the simulation.



(1),DDT PN,DDT
N2 PWVS. QCD
EWHets Ebkg EWHets Ebkg

Pass 18.5% 4.1% 38.2%  4.2%
Fail 81.5% 95.9% 61.8% 95.8%

Table 1. Summary of signal (eyjets) and background (e, ) efficiencies in the different signal (pass)

and control (fail) regions for the Nz(l)’DDT and P\I;I\\,IS’PSED taggers in the fully-hadronic W (qq')+jets
selection. The efficiencies are estimated from simulation and averaged over the years of data-taking.

After reconstruction and calibration, events are required to have at least one jet with
pr > 575GeV and |n| < 2.4. The measurement is carried out in pr intervals (bins) with
the low bin edges at 575, 650, 725, 800, 1000, 1200 GeV, and larger (denoted by o). This
choice of bin edges ensures that the bin width is well above the experimental resolution
of the order 5-10% and the number of bins is small enough to have reasonable statistical
uncertainties in all bins. Additional selection criteria are applied to remove jets potentially
dominated by anomalous contributions from various subdetector components or reconstruction
failures [38]. In 2018, two sectors of the HCAL endcap in the region —1.57 < ¢ < —0.87
and —3.2 < n < —1.3 were not functional for the last ~65% of the data taking. In data
recorded during this time, events are rejected if the leading jet is reconstructed within this
region. Events in the simulation are weighted accordingly if the leading jet is reconstructed
in this region to reflect the resulting inefficiency. Events with a reconstructed electron or
muon with pp > 10GeV and || < 2.4 and passing loose identification criteria [37, 71] are
rejected to suppress backgrounds with lepton final states.

The main backgrounds of the measurement are processes with high-pt quark and gluon
jets, which arise from QCD multijet processes or W(qql)—i—jets events where the leading jet
is not initiated by the W boson decay, but rather by a recoiling quark or gluon. At LO,
the jet initiated by the boosted W boson and the recoiling jet from a quark or gluon carry
opposite transverse momentum, while at higher orders, the W boson jet is more likely to
be reconstructed as the leading jet. Two handles to suppress those backgrounds are first
the mgp and second jet substructure taggers that distinguish the characteristic two-prong
substructure of boosted W boson jets from background.

The leading jet is required to have mgp > 50 GeV to reject background from quark
and gluon jets. Further, the jet is required to have pgp < —2.1 to reject events with high
mgp but low jet pp and avoid instabilities and edge effects from the SD algorithm and jet
clustering [72]. For jets from boosted W bosons this selection ensures that the decay products
of the W boson are fully merged within a jet with R = 0.8.

Events are finally categorized into signal (pass) and control (fail) regions using a mass-
decorrelated jet substructure tagger with a QCD background efficiency of 5%. The corre-
sponding signal and background efficiencies for both tagging approaches are summarized in
table 1. The P&I‘YS’PQD(TJD approach yields a significantly larger signal efficiency at a similar
background efficiency.

In this measurement, we carry out an unfolding of the data to the particle level (ptcl). At
the particle level, we require at least one anti-k jet with R = 0.8 and with p‘%td > 500 GeV



Selection Cross section [fb]

P2 > 650 Gev 13967146
Ptd > 650 GeV & mEis! > 30 GeV 888173
ptd > 650 GV & mBi > 30 GV & N5V < 0.2 94172

Table 2. Fiducial W (qq’)+jets cross sections predicted by MADGRAPH5_aMC@QNLO-+PYTHIA at NLO
QCD with EW corrections after different stages of the particle-level selection. The given uncertainty
is the sum in quadrature of parton shower variations and the hadronization model uncertainty, as well
as the uncertainties in the QCD and EW corrections.

and mptCl > 30 GeV. The measurement is carried out in pTC and m‘s’gl bins with lower bin
edges at 500, 650, 800 and 1200 GeV, and 30, 70, 80 and 90 GeV, respectively. While the
500 < pptCl < 650 GeV bin is taken into account in the migration matrix, the final result is
presented for ph *l > 650 GeV. The binning of p%td is chosen to have twice the bin width of
the binning at the detector level, which is a typical choice when using a maximum likelihood
fit based unfolding. The approach requires having more bins at the detector level than
at the particle level to have an over-constrained fit. The binning of mgf)d is chosen such
that the stability and purity are above approximately 50% for all bins. The stability is the
fraction of events in a given bin at the particle level that are reconstructed in the same bin
at the detector level. Similarly, purity is the fraction of events that are reconstructed in
a given bin at the detector level and originate from the same bin at the particle level. At
detector level, a finer binning in steps of 5 GeV in mgp is chosen to offer more constraining
power to the background estimation procedure. In addition, we require N2(1) < 0.2 at the
particle level. The corresponding fiducial cross sections at each stage of the particle-level
selection are reported in table 2, computed with MADGRAPH5_aMC@QNLO-+PYTHIA at NLO
QCD and with EW corrections.

Figure 2 shows the acceptance of the detector-level selection, which includes the jet pp,
In], and mgp requirements and a matching within AR < 0.4 between the detector-level jet
and the particle-level jet corresponding to the simulated W boson. The first and last bins

ptcl ptcl

in mg,” have a low acceptance of 5-20%, especially in the first and last p!;™ bins, mainly

because the selected detector-level jet often does not match to the simulated W boson, when

ptd bins in the W boson mass peak region

outside the W boson peak region. The central mg
have a much larger acceptance of 30-70%. When 1nclud1ng the NQ( ) < 0.2 selection in the
particle-level definition, the acceptance is significantly larger. The efficiencies of the trigger
and jet reconstruction are larger than 99% and accounted for as well.

In figure 3, examples of the reconstructed mgp distributions in signal and control regions
are shown for the second pt bin after the background estimation and a fit to the data
distribution, discussed in section 6. The full set of reconstructed mgp distributions can be
found in appendix A, figure 10-12. The dominant background in both SR and CR is from
QCD multijet production that follows a smoothly falling distribution. The signal W (qq’)+jets
events and backgrounds from Z(qq)-+jets and tt exhibit peaks at the respective W, Z, and
t quark masses in the SR, while they contribute negligibly to the CR. The peaks are more

PN,DDT (1),D

pronounced in the SR obtained with the Py qcp tagger compared to the Ny tagger,
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Figure 2. Acceptance as a function of mggl without (left) and with (right) the requirement N2(1) < 0.2
at the particle level. The acceptance is calculated using the W (qq’)+jets signal simulation with 2018
detector conditions.

due to the higher efficiency. The detector-level jets from the W(qq')+jets simulation are
matched to particle-level jets. The corresponding distributions are labeled “merged W?”,
while jets not matched to the generated W boson are labeled “not merged”.

For the statistical analysis of the data and estimation of the background, a maximum
likelihood template fit is performed using histograms of mgp in the SR and CR. The
construction of the likelihood functions and the minimization of the negative log-likelihood
is performed using the COMBINE toolkit [73].

6 Background estimation

After the event selection, the data sample is dominated by QCD multijet events, which are
difficult to model in simulation. Therefore, an approach based on control samples of observed
events is used to estimate the QCD multijet background, while the remaining processes are
estimated from simulation. This approach is based on an established method as used in
previous CMS analyses [58, 70]. The method is based on the assumption that the shape
of the mgp distribution in QCD multijet events is similar in the pass and fail regions of
a given substructure tagger that has been decorrelated with mgp. Consequently, one can
estimate the shape of the QCD background from the signal-depleted fail region from data,
and use a transfer factor to extrapolate the shape to the signal-enriched pass region. Ideally,
this transfer factor is a constant, equal to the selection efficiency eqcp measured in a QCD
multijet sample. If the data were perfectly described by simulation, the efficiency eqcp
could be obtained from simulated QCD multijet events since a pure background sample is
impossible to obtain from data. However, the jet tagging efficiency is not perfectly modeled in
simulation and is not a constant, but depends on the jet kinematics, primarily on the jet pr.
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Figure 3. Reconstructed mgp distributions in the second py bin with 650 < pt < 725 GeV in the

signal (upper row) and control (lower row) regions defined using the Nz(l)’DDT (left) and PVP\’,I\\,IS’PSgD

(right) taggers after the background estimation and a fit to the data, explained in section 6. All four
data-taking periods are combined, resulting in a total integrated luminosity of 138 fb~'. The lower
panels show the data-to-simulation ratio. The error bars correspond to the statistical uncertainty in the
data. The dashed band is the total uncertainty on the background after a fit to the data distribution.

Additionally, the jet tagging variables are not entirely decorrelated with mgp, despite efforts
to explicitly decorrelate them as described above. We address this by using a two-dimensional
transfer function that depends on pp and pgp of the jet,

TF(pr, psp) = egep (D) (DT, Asp)s (6.1)

where pr and pgp are functions of mgp and pr and correspond to the normalized observables
pr and pgp, scaled to lie in the interval [0,1]. The efficiency egop(pr) is obtained from
simulated QCD multijet events, separately for each data-taking period. The residual function
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r(pr, Ppsp) is determined in the fit to data and used to model differences between data and
simulation in eqcp(Pr)-

As a basis for the two-dimensional residual function, Bernstein polynomials are used. The
i-th Bernstein basis polynomial of n-th degree with i € [0,--- ,n] is defined for z € [0, 1] as

) = || 21— o) (6.2)

1

The Bernstein basis is chosen over a standard polynomial because with the variable  bounded
between 0 and 1 it is more stable numerically and the function is nonnegative [58]. The
residual function is a linear combination of Bernstein polynomials

"o Togp

(pTa pSD Z Z Qi bj pT 1 750 (ﬁSD)? (63)

where Mo

The coefficients q;

and n, =~ are the orders of the Bernstein polynomials in pr and pgp, respectively.
ij are free parameters in the fit to data.

An example of the residual function after a fit to data is shown in figure 4. To determine
the optimal order of the Bernstein polynomials n, —and n, , the goodness of fit using the
saturated model approach is evaluated for a series of orders. The resulting test statistics
are then compared in F-tests and the orders of the polynomials are chosen to range from

1-2 for n,, . and 2-6 for n, =~ depending on the data-taking period.

7 Systematic uncertainties

The measurement of the differential W(qﬁ')—i—jets cross section is subject to multiple sources
of systematic uncertainties. These affect the mgp in different ways, causing differences in
shape, normalization, or both. Several such sources of systematic uncertainties are accounted
for in the fit as nuisance parameters in the likelihood function.

Uncertainties related to the QCD background estimate are accounted for through the
unconstrained parameters a;; of the transfer function. Alternative functional forms for the
transfer function (Chebyshev polynomials, exponentials of Bernstein polynomials) have been
found to have a significantly smaller impact on the result than the accounted uncertainties
on the parameters a;; [58].

Uncertainties related to the jet energy scale calibration affect both the normalization
through migrations of events between pt bins, and the mgp shape through variations in the
subjet energy. The uncertainty in the measurement of the total luminosity of 138 b is
estimated to be 1.6% [74-76]. This uncertainty is accounted for in the fits as normalization
nuisance parameters for signal and background processes. The uncertainty in the trigger
scale factors originates from the statistical uncertainties in the trigger efficiency measurement.
Variations in the trigger scale factors are propagated to the pr and mgp and used as a
shape uncertainty in the fit.

The number of interactions per bunch crossing is estimated from the measurements of
the luminosity and the inclusive inelastic cross section of pp collisions. The simulation is
reweighted to match the distribution of the number of interactions per bunch crossing in data.
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Figure 4. Residual function r(pr, psp) obtained from a fit to data, when using the P\I;I;IS’PQDED as jet

tagger. The arguments of the function r, pr and pgp are functions of mgp and pt and correspond
to the normalized observables p and pgp, scaled to lie in the interval [0,1]. The hatched area is
excluded from the analyses by selecting psp < —2.1.

The inclusive inelastic cross section is varied up and down by 4.6% [77] and the reweighting
is repeated. The uncertainty corresponds to the effect of these variations and is propagated
to the pp and mgp. It is treated as a shape uncertainty for all simulated events.

Differences in jet tagging efficiencies between data and simulation in W(qq/)-l—jets signal
events are accounted for by an unconstrained nuisance parameter € in the fit. This parameter
allows for anticorrelated changes of the normalization in the pass and fail regions while
conserving the total number of events,

Niotal = Npass + Ny = Npass + Nrail
A ~ N (7.1)
= ngass + (1 - G)Np—ass + 1| Ngain,
fail
where Nigtal, Npass, and Ny, are the total number of events and the best fit values of the
number of events in the pass and fail regions, respectively. The parameter 6 denotes the

best fit value of 6, while N,

pass and Np,; are the initial number of events in the pass and

fail regions, respectively.

The uncertainty in the modeling of initial-state radiation (ISR) and final-state radiation
(FSR) is estimated by varying the respective parton shower renormalization scale up and
down by a factor of two, and storing corresponding weights during the event generation.
The effect is treated as a shape uncertainty for signal and background events by propa-
gating the variations to the pp and mgp through a reweighting of simulated events. To
account for uncertainties in the hadronization model of the W(qﬁ')—kjets signal process, we
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assign a shape uncertainty equal to the difference between the central simulation sample
(MADGRAPH5_aMC@QNLO+PYTHIA) and an alternative generator (MADGRAPH5__aMC@NLO
+HERWIG), which implements another hadronization model. This uncertainty mainly affects
the tails of the W boson mass distribution, where nonperturbative effects dominate.

The higher-order QCD and EW correction systematic uncertainties for the W(qﬁ’)%—jets
and Z(qq)-+jets simulation is estimated from the envelope of the scale variations for the
NLO QCD and NLO EW predictions derived in ref. [59]. The QCD and EW correction
uncertainties are treated as separate shape uncertainties in the fit. Uncertainties related
to parton distribution functions have been estimated to be a factor >3 smaller than those
in the considered pr range [59] and neglected.

To account for uncertainties in the prediction of the tt cross section and kinematics, a
shape uncertainty is introduced. The up and down variations are constructed by comparing
the pr and mgp distributions with and without applying the top quark p reweighting. In
addition, normalization uncertainties are included as nuisance parameters with log-normal
constraints amounting to 20% for Z(qq)-+jets [78].

In figure 5, we summarize the effect of the systematic uncertainties in the reconstructed
mgp. The dominant shape effects can be attributed to uncertainties in the hadronization
model, jet energy scale, and final-state shower. The jet energy scale and final-state shower
mainly affect the region of the W boson mass peak (70 < mgp° < 110GeV). These lead
to a shift of events from the peak region on top of a falling background, thus affecting
most strongly the number of events at the right-hand side of the W boson mass peak
(90 < mgp’ < 110GeV). The size of the hadronization model uncertainty is smallest at
the W boson mass peak and mainly affects the tails of the W boson mass distribution
(mgp’ < 70 GeV and mgp° > 90 GeV) where light-flavor quark and gluon jets dominate [22].

8 Unfolding

To obtain a measurement at the particle-level, detector effects are corrected for by unfolding
the measured detector-level distribution. In the maximum-likelihood template fit with
constraints for regularization, background subtraction and inversion of the detector response
matrix R;; are performed simultaneously in a global fit to the recorded collision data. This
approach as detailed in the following is similar to the one outlined in ref. [79], though a
maximum likelihood fit instead of a least-squares fit is used.

The signal strength modifiers ji; are the ratios of the number of events predicted by the
fit to data to the expected number of events at the particle level in simulation. The total
number of expected events in bin ¢ at the detector level is given by

M
j=1

Here, the expectation value of the true number of events in bin j at the particle level is given
by x; and b; denotes the total number of expected background events in bin i at the detector
level. The response matrix R;; is obtained from the simulation. It is constructed by filling
events in bin ¢ at the detector level, given that they were generated in bin j at the particle
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Figure 5. Summary of the effect of the systematic uncertainties in the reconstructed SD jet mass in the
W (qq')+jets signal sample in a representative pr bin. The dominant shape effects can be attributed
to uncertainties in the hadronization model, jet energy scale, and final-state shower. The jet energy
scale and final state shower mainly affect the region of the W boson mass peak (70 < mgp < 110 GeV).

level. Events are only considered in the response matrix if the selected jets at the detector and
particle level can be matched to the generated W boson. Acceptance and efficiency effects
originating from events falling out of the fiducial phase space by failing either the detector-
or particle-level selections, or the matching criterion, are not included in the response matrix.
Instead, these are accounted for in a factorized approach. Events that pass the detector-level
selection, but do not have a matching jet at the particle level or are not matched to a
generated W boson are treated as background in the fit. Events that fail the detector-level
selection or the matching criterion but pass the particle-level selection are accounted for with
an acceptance correction. The resulting response matrix is shown in figure 6.

The best fit values of the parameters of interest i are obtained by minimizing the negative
log-likelihood function

N
—2In L(j) = —QZlnP(ni,yi), (8.2)

where n; is the total number of events in data in bin ¢ at the detector level and P(n;,y;)
refers to the Poisson distribution.

We include all bins in mgp and pp in the fit, where each bin is split into pass and
fail regions from the jet substructure tagger requirements. The fit is performed in all four
eras of data-taking simultaneously by using the product of the individual likelihoods with
one common set of parameters of interest. We measure one signal strength modifier y;
per particle-level bin j, which scales the prediction in each particle-level bin to obtain the
measured cross sections.

The regularization of the multidimensional distribution is performed using Tikhonov
regularization [80], adding a penalty term with a strength parameter 7 to the negative log-
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Figure 6. Response matrix obtained for selected events in simulation. The matrix is obtained from
a sum of all data-taking eras. The grey dashed lines separate the individual pp bins. The binning
within each pr bin corresponds to the mgp binning.

likelihood function. We choose a regularization strength parameter 7 = 0.59 by minimizing
an average global correlation coefficient which was found to vary only mildly (by 0.5%) over a
wide range (0.1 < 7 < 2) of the regularization strength parameter. Regularization is necessary
to obtain accurate measurements in the lowest and highest particle-level mgp bins, where
acceptance is low and backgrounds are more dominant.

To estimate the bias and over- or under-coverage introduced by the regularization, a series
of tests is performed using pseudo-data in the fit instead of collision data. Replacing data
with signal simulation yields perfect closure with the expectation. To test the model against
statistical fluctuations in the pseudo-data, the pseudo-data are perturbed by generating 500
toy data sets. We then compute the pull distribution of the maximum likelihood estimators
fi; of the signal strength modifiers. The mean of the distribution of pulls is consistent
with zero within one standard deviation. To further test for biases introduced by the
regularization, the same tests are performed using statistically independent pseudo-data,
yielding the same conclusions.

To better understand the dominant sources of uncertainty in representative p%td and m‘S)th
bins, the impacts of key groups of systematic uncertainties in the signal strength modifiers y;
are summarized in table 3 for the P&IjéPQDgD tagger. The largest contributions to the total
uncertainty near the my peak (second column) are the W tagging efficiency, the V-+jets
QCD NLO corrections, the Z+jets normalization, FSR and hadronization model, reaching
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Impact in mggl bin

Uncertainty
80 < mBy' < 90GeV  mEis > 90 GeV

Jet energy scale 4.8 % 23.9 %
W tagging efficiency 11.9 % 14.3 %
Pileup reweighting 1.1 % 3.1 %
Trigger scale factor 0.7 % 1.1 %
Integrated luminosity 1.6 % 1.3 %
QCD multijet estimate 3.6 % 13.9 %
Z-+jets normalization 6.6 % 3.0 %
Top quark pp reweight 0.3 % 0.9 %
Vtjets QCD NLO 14.4 % 17.7 %
W-+jets EW NLO 1.3 % 0.7 %
Z+jets EW NLO <0.1% 0.2 %
FSR 12.2 % 17.4 %
ISR 3.7 % 4.9 %
Hadronization model 12.4 % 15.5 %

Table 3. Summary of systematic uncertalntles and their impact on the measurement in the 650 <

pptCl < 800 GeV bin and two representative mSD bins, using the P\I;I‘\,ISDQDgD tagger.

up to 14.4%. Outside the myy peak region (third column), the jet energy scale and the QCD
multijet estimate also contribute up to 23.9%.

9 Results

The measurement of the fiducial cross section is double differential in mptcl

and plyECl and
uses the PPI\\,ISDQDFCI;D approach. Tabulated results are provided in the HEPData record for
this analysis [81]. The correlation matrix in figure 7 shows the correlation coefficients of the
individual particle-level bins. The mptCl bms in the different ppml
where the grey dashed lines indicate the pT ! bins boundaries. The highest correlations are

1 o)
Pt and pPi® axes. The latter ones are

bins are shown unrolled,

found to be among neighboring bins, both along the mg

ptcl

similar for all mgp~ bins, but smaller on average than the correlations between neighboring

bins along the m‘s’gl axis. The highest anticorrelations are found between the first two and
last two mggl bins in the third and fourth p%td bins.

The extracted jet mass distributions are shown in figure 8. For the purpose of display
the differential fiducial cross section do/dmgp is shown in bins of pp *l The unfolded data
are shown as black markers with the total uncertainty (the square roots of the diagonal
elements of the covariance matrix containing statistical & systematic uncertainty) drawn

as black bars. The V+jets theory prediction from MADGRAPH5_aMC@NLO+PYTHIA has
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Figure 7. Correlation matrix of the maximum likelihood estimators of the signal strength modifiers

fpy, mep With inclusion of an N2(1) < 0.2 selection in the particle-level definition. The plot shows the
matrix from the fit to the data using Pvlz,ljs’_DggD. The grey dashed lines indicate the individual pl}td
ptcl ptcl ptcl ptcl

bins. The binning within each py™ vs. p~ bin corresponds to the mgpy™ vs. mgp binning.

LO+MLM accuracy with NLO (QCD and EW) corrections and is depicted as a blue curve.
The corresponding theory uncertainty is the sum in quadrature of parton shower variations
and hadronization model uncertainty, as well as the two envelopes of systematic uncertainties
characterizing missing higher-order QCD and EW corrections [59], as detailed in the previous
section, and is drawn as a light shaded blue band. The purely perturbative uncertainties
are also overlaid as a dark, shaded blue band.

We quantify the agreement of the data with the prediction using a goodness-of-fit test
based on the saturated model [82] and observe p-values larger than 0.13 for all four data-
taking periods. The unfolded data distributions agree with the predictions within the total
uncertainty in all p%td bins. The data in the first p%td bin are generally in better agreement
with the simulation concerning both the normalization as well as the shape of the distributions.
In the last two p%td bins, we observe a shift in the peak position in the unfolded data compared
to the simulation, that is, however, covered by the uncertainties and their correlations.

The upper and lower ends of the mIS)tDCl spectrum contain events where not the W boson
jet, but the recoiling quark/gluon jet is measured. Thus, in the first mggl bin, the predicted
yield depends on the modeling of nonperturbative effects, which is model dependent. Figure 9
shows the distributions without and with the N2(1) < 0.2 selection at the particle level, where
the individual distributions in each p%td bin for p%td > 650 GeV have been added. The
predictions without the NQ(I) < 0.2 selection give a larger fraction of events in the lowest and
highest mgp bins, where the signal is contaminated by light-flavor quark and gluon jets.

The measured jet mass distribution is sensitive to the W boson mass. In the following,
we quantify the sensitivity of the mgp distribution to the W boson mass and quote a first
measurement of the W boson mass in an all-jets final state at a hadron collider. We compare
multiple LO predictions (called templates in the following) generated with PYTHIA with
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Figure 8. Unfolded and background subtracted jet mass distribution at the particle level for each

pﬁ’fd bin obtained with PVF\),SSDSED The fiducial measurement region at the particle level includes

the Nz( ) < 0.2 selection. The unfolded data are shown as black markers with the total uncertainty
indicated as error bar. The blue lines show the predictions from MADGRAPH5 _aMCQ@QNLO-+PYTHIA at
LO with MLM matching and supplemented by NLO QCD and EW corrections with the statistical
uncertainty indicated as error bar. The theory uncertainty is the sum in quadrature of parton shower
variations and the hadronization model uncertainty, as well as the uncertainties in the QCD and EW
corrections, and is drawn as a light shaded blue band. The purely perturbative uncertainties are
overlaid as a dark, shaded blue band.
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Figure 9. Unfolded and background subtracted jet mass distribution at the particle level for pptCl

>
650 GeV, obtained by summing all pptCl bins. The results are obtained using the PVI?,IJSD&TJD tagger

without (left) and with (right) the Nz(l) < 0.2 selection at the particle level. The unfolded data are
shown as black markers. The blue lines show the predictions from MADGRAPH5 _aMC@QNLO-+PYTHIA at
LO with MLM matching and supplemented by NLO QCD and EW corrections. The theory uncertainty
is the sum in quadrature of parton shower variations and the hadronization model uncertainty, as well
as the uncertainties in the QCD and EW corrections, and is drawn as a light shaded blue band. The
purely perturbative uncertainties are overlaid as a dark, shaded blue band. Predictions with different
values of the W boson mass generated with PYTHIA at LO and scaled to match the total number of
events in data are overlaid.

different values of generated W boson mass: 79.0, 80.0, 80.385 (PYTHIA default), 81.0, 82.0 GeV
to the unfolded data distributions. Higher-order corrections to the theory prediction are not
accounted for in this estimate, as the statistical uncertainty dominates over the theoretical
uncertainties. In order to minimize the impact of shower and hadronization effects on the

(1)

result, we use cross sections obtained for N, ’ < 0.2 at the particle level. We only use the

two bins in mgp that fall into the W boson mass peak with 70 < mgp < 90 GeV, integrating
over p‘%td > 650 GeV, and use the normalized cross section, where the normalization is done
for the peak region only. We carry out a fit using the linear template fit package [83] to
estimate the W boson mass parameter. We account for the same sources of uncertainties

as in the differential cross section measurement.

A closure test is carried out by replacing the data with the PYTHIA simulation with a
certain W boson mass parameter, and then measuring my, using the remaining PYTHIA
templates. We find a linear dependence between the input and measured mass consistent
with unity slope. We also check the consistency of the method by measuring the mass
of the MADGRAPH5__aMCQNLO+PYTHIA and MADGRAPH5 _aMC@NLO-+HERWIG samples
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Uncertainty Impact on myy [GeV]

Statistical 0.31
QCD multijet estimate 0.18
Stat. + bkg 0.36
Jet energy scale 0.36
W tagging efficiency 0.07
Pileup reweighting 0.04
Trigger scale factor 0.02
Integrated luminosity 0.02
Z+jets normalization 0.17
Top quark pr reweight 0.04
V+jets QCD NLO 0.03
W+jets EW NLO 0.02
Z+jets EW NLO 0.01
FSR 0.01
ISR 0.02
Hadronization model 0.02
Other syst. 0.41
Total 0.55

Table 4. Summary of systematic uncertainties and their impact on the my; measurement.

with a generated W boson mass of 80.419 GeV using templates from PYTHIA, resulting
in 80.30 + 0.33 GeV and 80.54 + 0.37 GeV, respectively, where the uncertainty is the total
uncertainty, including the statistical and systematic components.

The result of the template fit to data is 80.81+0.55 (total) GeV, or when separating statis-
tical and background uncertainty sources, 80.81 + 0.36 (stat. + bkg) = 0.41 (other syst.) GeV.
The impact of individual uncertainties on the my measurement is given in table 4. Uncer-
tainties affecting the position and shape of the myy peak, such as the statistical uncertainty,
the background uncertainty and the jet energy scale are most relevant uncertainties for
the my parameter estimation. For consistency with other measurements of the W boson
mass, we translate these results to the frequently used mass parameter in a Breit-Wigner
distribution with mass-dependent width by adding 27 MeV [84], resulting in 80.83 £0.55 GeV.
The result is consistent with previous my measurements making use of leptonic final states,
though not yet competitive. It represents a first step towards a potentially competitive
measurement at the HL-LHC [15].
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10 Summary

The jet mass of W bosons decaying to a quark-antiquark pair is measured in W+-jets events
from proton-proton collisions at the LHC at a center-of-mass energy /s = 13TeV. The
data were collected by the CMS experiment in 2016-2018 and correspond to an integrated
luminosity of 138 fb~!. The measurement considers W bosons with large momenta, resulting
in strongly collimated decay products that are reconstructed in a single large-radius jet. Jets
initiated by W bosons with a characteristic two-prong substructure are distinguished from
single light-flavor quark and gluon-initiated background jets using a selection based on the
substructure of these jets. The jet mass is measured using the soft-drop (SD) algorithm,
which suppresses soft and wide-angle radiation that can obscure the resonance peak of the
W boson at its rest mass. We report the first measurement of the double-differential cross
section in bins of the jet transverse momentum and SD mass. The unfolded data are found to
be in agreement with predictions from simulations at leading order with additional partons
added to the matrix element computation, supplemented by next-to-leading order quantum
chromodynamics and electroweak corrections. A W boson mass of 80.83 4+ 0.55GeV in a
scheme with mass-dependent width is obtained, achieving the smallest uncertainty available
today from an all-jets final state at a hadron collider.
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A Full set of reconstructed mgp, distributions
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Figure 10. Reconstructed mgp distributions in the pp bin with 575 < pp < 650 GeV (left) and
650 < pp < 725 GeV (right) in the control region (lower row) and signal region before (upper row)
and after (middle row) the background estimation and a fit to the data. All four data-taking periods
are combined, resulting in a total integrated luminosity of 138 fh!
data-to-simulation ratio. The error bars correspond to the statistical uncertainty in the data. In the
upper row, the dashed band corresponds to the total uncertainty excluding the uncertainty on the
QCD background estimate, while in the middle and lower row it corresponds to the total uncertainty
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Figure 11. Reconstructed mgp distributions in the pp bin with 725 < pp < 800 GeV (left) and
800 < pp < 100 GeV (right) in the control region (lower row) and signal region before (upper row)
and after (middle row) the background estimation and a fit to the data. All four data-taking periods
are combined, resulting in a total integrated luminosity of 138 fb~!. The lower panels show the
data-to-simulation ratio. The error bars correspond to the statistical uncertainty in the data. In the
upper row, the dashed band corresponds to the total uncertainty excluding the uncertainty on the
QCD background estimate, while in the middle and lower row it corresponds to the total uncertainty
on the background after a fit to the data distribution.
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Figure 12. Reconstructed mgp distributions in the p bin with 1000 < pp < 1200 GeV (left) and
pr > 1200 GeV (right) in the control region (lower row) and signal region before (upper row) and
after (middle row) the background estimation and a fit to the data. All four data-taking periods
are combined, resulting in a total integrated luminosity of 138 fb~!. The lower panels show the
data-to-simulation ratio. The error bars correspond to the statistical uncertainty in the data. In the
upper row, the dashed band corresponds to the total uncertainty excluding the uncertainty on the
QCD background estimate, while in the middle and lower row it corresponds to the total uncertainty
on the background after a fit to the data distribution.
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