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1 Introduction

This paper presents a measurement of the cross-section for W boson production in association
with one or two jets, at least one of which originates from a b-quark, in proton-proton
(pp) collisions at /s = 13 TeV. Events in which the W boson originates from a top-quark
decay are excluded from the signal definition. This measurement is sensitive to heavy
flavour quarks in the initial state and provides an important test of perturbative quantum
chromodynamics (pQCD) in the presence of heavy quarks. In the Standard Model (SM), the
dominant contribution to W + b-jets production arises from the splitting of a gluon into a
bb pair (W + g(— bb)). At next-to-leading-order (NLO), additional production mechanisms
contribute, depending on the treatment of b-quark production [1].

Two commonly used approaches are the four-flavour number scheme (4FNS) and the five-
flavour number scheme (5FNS), which differ in the number of active quark flavours considered
in the proton parton distribution functions (PDFs). Following the notation convention of
ref. [1], in the 4FNS the relevant processes include ¢’ — Wbl_)(g) and gqg — Wbbq', while
in the 5FNS additional single b-quark processes, such as bg — Wbq'(g) and bg — Whqq',
also contribute significantly at LHC energies [2]. A precise experimental measurement of the



W 4+ b-jets production cross-section provides important input to the refinement of theoretical
calculations in pQCD, as well as the validation of Monte Carlo (MC) techniques.

The W + b-jets process constitutes an important background to measurements of Higgs
boson production, in particular in associated production modes WH and ZH with H — bb
decays [3], which are crucial for probing the coupling of the Higgs boson. The W + b-jets
process is also an irreducible background in many searches for physics beyond the Standard
Model, and in measurements of single top-quark production [4, 5].

The first measurement of the fiducial W + b-jets cross-section at a hadron collider
was performed by the CDF Collaboration at the Tevatron with /s = 1.96 TeV [6]. This
measurement is in tension with the corresponding NLO theoretical prediction, which lies below
the data. A subsequent measurement by the DO Collaboration [7] reported a cross-section
lower than the theoretical calculation, but in agreement within theoretical uncertainties. The
most recent measurement of W + b-jets production at the LHC was reported by the ATLAS
Collaboration based on 4.6fb™! of data collected in pp collisions at /s = 7TeV [8]. The
ATLAS measurement exceeded the NLO theoretical prediction by 1.5 standard deviations.
The CMS Collaboration reported measurements of the related W + bb process using 7 TeV and
8 TeV datasets, respectively [9, 10]. The measured cross-sections were found to be consistent
with the NLO theoretical predictions within the experimental and theoretical uncertainties.

In this paper, the W 4 b-jets cross-section is measured using 140 fb™' of pp collision data
collected by the ATLAS detector during the Run 2 period [11]. The W boson is reconstructed
through its decay to an electron or muon, and b-jets are identified by exploiting the long
lifetime and the large mass of b-hadrons. The W + b-jet production cross-section is measured
in exclusive final states containing exactly one or exactly two reconstructed jets. The one-jet
category requires exactly one reconstructed jet, which must satisfy the b-tagging requirements
(referred to as b-jet in the following). The two-jet category requires exactly two reconstructed
jets, of which exactly one is required to be b-tagged. Events with two or more reconstructed
b-jets, as well as events with three or more reconstructed jets, are rejected in order to suppress
the backgrounds from top-quark production.

2 The ATLAS detector

The ATLAS experiment [12] at the LHC is a multipurpose particle detector with a forward-
backward symmetric cylindrical geometry and a near 47 coverage in solid angle.! It consists
of an inner detector system (ID) surrounded by a thin superconducting solenoid providing a 2
T axial magnetic field, electromagnetic and hadronic calorimeters, and a muon spectrometer.
The inner tracking detector covers the pseudorapidity range |n| < 2.5. It consists of
silicon pixel, silicon microstrip, and transition radiation tracking detectors. Lead/liquid-
argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with

LATLAS 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 z-axis points from the IP to the centre of
the LHC ring, and the y-axis points upwards. Polar 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
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n = —Intan(6/2) and is equal to the rapidity y = 3 In (
measured in units of AR = /(An)? + (A¢)>.

) in the relativistic limit. Angular distance is



high granularity within the region |n| < 3.2. A steel/scintillator-tile hadronic calorimeter
covers the central pseudorapidity range (|n| < 1.7). The endcap and forward regions are
instrumented with LAr calorimeters for EM and hadronic energy measurements up to |n| = 4.9.
The muon spectrometer surrounds the calorimeters and is based on three large superconducting
air-core toroidal magnets with eight coils each. The field integral of the toroids ranges between
2.0 and 6.0T m across most of the detector. The muon spectrometer includes a system of
precision tracking chambers up to || = 2.7 and fast detectors for triggering up to |n| = 2.4.
The luminosity is measured mainly by the LUCID-2 [13] detector that is located close to the
beampipe. A two-level trigger system is used to select events [14]. The first-level trigger is
implemented in hardware and uses a subset of the detector information to accept events at a
rate close to 100 kHz. This is followed by a software-based trigger that reduces the accepted
rate of complete events to 1.25 kHz on average depending on the data-taking conditions.

3 Data and simulated samples

The data used in this analysis were collected with the ATLAS detector between 2015 and
2018 in pp collisions at /s =13 TeV. The corresponding total integrated luminosity is 140 fb™*
with a relative uncertainty of 0.83% [11]. Data quality requirements are applied to ensure
that all relevant detector subsystems were operating under stable and optimal conditions.
Data events are collected using single-electron or single-muon triggers [15, 16]. The lowest pr
threshold of the muon triggers is 26 GeV, while the lowest transverse energy (Er) threshold
used for the electron trigger is 24 GeV for the 2015 data-taking period and was raised to
26 GeV in subsequent years to accommodate the increasing LHC instantaneous luminosity.

Monte Carlo events with full detector simulation are used to model signal and most
background processes. For inclusive W boson production in association with both light- and
heavy-flavour jets, two sets of fully simulated samples are used, comprising all leptonic
decays W — v ({ = e,p, 7). One set is produced using the SHERPA v2.2.11 [17]
ATLAS configuration [18] that performs explicit matrix element (ME) calculations of 0—
2 partons at NLO and 3-5 partons at leading order (LO). The PDF set used for event
generation is NNPDF 3.0 NNLO [19] with ag = 0.118. The other set is generated using
MADGRAPH5__AMC@NLO [20] for W+0-3 partons at NLO accuracy, merged with the
FXFX procedure [21], and interfaced to PYTHIA (v8.245) [22] for parton showering and
hadronisation using the A14 tune [23] (MGAMC+PY8 FxFX). For this sample, the NNPDF
3.1 LUXQED NNLO [24] PDF set is used, also with ag = 0.118. Both signal samples for
the W+jets process are based on the 5FNS. The SHERPA sample is used for the nominal
measurement while the MGAMC+PyY8 FxFX sample is employed for cross-checks and for
the evaluation of modelling uncertainties.

For W+jets MC samples, events are further categorised according to the flavour of the
hadron associated with the jet. At particle-level, jets are classified as b-, c-, or light-jets using
a cone-based matching procedure. Jets are labelled as b-jets if they are found within AR = 0.3
of at least one b-hadron with pp > 5GeV. In cases where a b-hadron is matched to more
than one jet, only the jet closest in AR is labelled as a b-jet. Jets not identified as b-jets are
subsequently labelled as c-jets if they are within AR = 0.3 of any c-hadron with pp > 5 GeV.
All remaining jets are classified as light-jets. Simulated events are then classified sequentially



as W + b-jets or W + c-jets according to whether the leading (highest pr) heavy-flavour jet is
a b- or c-jet, respectively. Events containing only light-jets are classified as W+light-jets.

The Z+jets processes are simulated with SHERPA v2.2.11 using the same configuration
as for Wjets. The top quark processes, including tt and single top in the tW, s- and
t-channels, are simulated at NLO using the POWHEG BOX v2 [25-28] generator and interfaced
to PYTHIA (v8.230) for showering and hadronisation using the A14 tune. The tt sample is
further reweighted to match the NNLO QCD (+ NLO EW) differential calculation [29]. The
diboson (VV, V=W, Z) processes, where one vector boson decays leptonically and the other
decays hadronically, are simulated using SHERPA v2.2.1 [17], with NLO MEs for up to one
parton emission and LO MEs for two or three parton emissions.

The generated samples are processed using the GEANT4-based ATLAS detector
simulation [30, 31] and the same reconstruction algorithms are applied to simulated and
recorded data. To account for pile-up, multiple overlaid inelastic pp collisions are simulated
with PyYTHIA (v8.186) using the A3 tune [32] and the NNPDF 2.3 LO PDF [33]. The
distribution of the average number of interactions per bunch crossing in the simulations is
weighted to reflect the one in data. Simulated events are then corrected for known differences
between data and simulation in reconstruction and identification efficiencies, and in energy
and momentum scales and resolutions.

4 Event reconstruction and selection

Candidate W + b-jets events are required to have exactly one high-pt electron or muon, as
well as missing transverse momentum consistent with the presence of a neutrino from the W
boson decay, and one or two reconstructed jets, exactly one of which must be identified as a
b-jet. All events must have at least one reconstructed vertex formed by the intersection of at
least two tracks with pp > 500 MeV. In events with multiple vertices, the vertex with the
largest Ep% of the associated tracks is taken to be the primary hard-scatter vertex (PV).

Electron candidates are required to satisfy Ep > 28 GeV and |n| < 2.47, excluding
the calorimeter transition region 1.37 < |n| < 1.52. They are reconstructed by matching
topological energy clusters in the electromagnetic calorimeter with inner-detector tracks.
Electron identification employs a likelihood discriminant that combines calorimeter shower
shapes, tracking and cluster-track matching quantities. The “Tight” identification working
point [34] is used to maximise the rejection of background from misidentified objects.
Additional requirements are imposed on the electron tracks: the longitudinal impact parameter
(20) is required to satisfy |zpsin | < 0.5 mm, where 6 is the angle of the track with respect to
the beam-line, and the transverse impact parameter significance (do/0q,) is required to satisfy
|do/oq,| < 5. Electrons must also fulfil the “PLImprovedVeryTight” isolation criterion [35]
that significantly suppresses background from photons or hadrons misidentified as electrons
and non-prompt electrons from the decay of heavy-flavour hadrons.

Muon candidates are selected in the region |n| < 2.5 and are required to have pp >
28 GeV. They are identified by matching ID tracks from the PV to either full tracks or
track segments reconstructed in the muon spectrometer. Muons are required to satisfy
the “Tight” identification working point [36], based on quality criteria applied to the inner-
detector and muon-spectrometer tracks. In addition, the longitudinal impact parameter of



the muon track is required to satisfy |zg sin @] < 0.5 mm, and the transverse impact parameter
significance is required to satisfy |dp/oq4,| < 3. Muons must also be isolated, passing the
“Tight_ VarRad” working point [36], which is built from tracking and calorimeter information,
with a pp-dependent variable cone.

The presence of a neutrino in the W boson decay is inferred from the missing transverse
momentum. It is computed as the negative vector sum of the transverse momenta of
all identified physics objects and an additional soft term. The soft term is constructed
from all tracks that are associated with the primary vertex, but not associated with any
selected physics object [37]. In this analysis, the magnitude of missing transverse momentum
(Emiss) s required to satisfy 28 GeV < EisS < 60 GeV. The upper bound provides effective
suppression of backgrounds from top-quark production. Jets are reconstructed using the
anti-k; algorithm [38] with a radius parameter R = 0.4, as implemented in the FASTJET
package [39]. The inputs to this algorithm are particle flow (PFlow) objects [40], which
combine measurements from the ATLAS inner detector and calorimeters to improve the jet
energy resolution and increase the jet reconstruction efficiency. Jets are calibrated using a
simulation-based calibration scheme, followed by in situ corrections to account for differences
between simulation and data [41]. To suppress jets originating from pile-up interactions, jets
with pr < 60GeV and |n| < 2.4 are required to have a significant fraction of constituent
tracks originating from the PV, as defined by a jet vertex tagger (JVT) discriminant [42].
Selected jets must have pr > 25GeV and |n| < 2.5.

At reconstruction level, b-jets are identified using the DL1r b-tagging discriminant [43].
DL1r is a deep neural network that takes as input the outputs of several lower-level taggers,
including track impact parameter significance, secondary vertex likelihood, and a recurrent
neural network capturing track correlations within a jet. It then combines these features to
produce a single discriminant that significantly improves b-jet identification over previous
boosted decision tree based taggers. The 60% tagging-efficiency working point is used,
corresponding to a 60% selection efficiency for particle-level b-jets, with rejection rates of
40 against c-jets and 2500 against light-jets. This stringent working point is chosen to
effectively suppress the large background from W + ¢/light-jets. Selected b-jets must satisfy
pr > 25GeV and |n| < 2.5.

To avoid the double-counting of detector signatures, an overlap-removal procedure is
applied to uniquely identify the objects in an event. Jets within AR < 0.2 of a selected lepton
are removed if they are likely to originate from the lepton or a radiated photon. Subsequently,
leptons within AR = 0.4 of any remaining jet are discarded, as they are potential decay
products of heavy quarks in the jet.

Signal events are selected by requiring exactly one lepton, 28 GeV < Errf]rliSS < 60 GeV,

and a transverse mass mrt = \/ 2pL EMIsS(1 — cos(Ag¢)) > 65 GeV, where A¢ is the azimuthal
angle between the lepton and the missing transverse momentum. Events are further required

to contain one or two reconstructed jets, exactly one of which must be b-tagged. The selected
events are categorised into two exclusive signal regions:

e 1j1b category: exactly one jet in the event, and it passes the b-jet requirement;



e 2j1b category: exactly two jets in the event, and only one of them passes the b-jet
requirement.

This categorisation facilitates a better control of backgrounds, thereby reducing
uncertainties in the final measurement. Due to the selection of central jets with high
transverse momentum (pr) and the use of the tight b-tagging working point, the majority
of the W + b-jet events with two particle-level b-jets are reconstructed as events with one
b-jet candidate. As a result, although the measurement is performed using reconstructed
events with only one b-jet, it remains sensitive to the production of W + b-jets with two
particle-level b-jets, and is therefore unfolded to the fiducial region with one or two b-jets,
as described in section 6.

5 Background estimation

After event selection, the signal purity is approximately 30% for both electron and muon
channels. Several processes can mimic the signal and contribute to the overall background.
The major background comes from W + c-jets and W+ light-jets. These events contain a
genuine lepton from the W boson decay and a jet that is misidentified as a b-jet, originating
from either a c-quark or a light-flavour quark or gluon. They exhibit kinematics nearly
identical to the signal and can be distinguished only by examining the distribution of the
b-tagger response. As these processes are not modelled with sufficient accuracy by MC
simulation, their contributions are estimated by using a data-driven technique referred to
as the flavour-fit method [44].

Additional background contributions arising from single-top, tt, and diboson processes
also play an important role. These backgrounds include both a real lepton and a real b-jet in
their final state. Considering that these processes are usually well modelled by simulation,
their contributions are directly evaluated with fully simulated MC samples. Since tt and
single top events contribute notably in the high b-jet pr region, dedicated top control regions
are constructed to validate the MC modelling, and good agreement is observed. Another type
of background comes from multijet production, where one of the jets is either misidentified
as a lepton, or contains a non-prompt lepton produced in the decay of a heavy-quark. A
data-driven method named the “matrix method” [45] is applied to evaluate the multijet
contribution. The Z+jets process also contributes to the selected events, primarily when one
lepton from the Z boson decay is not reconstructed and a b-jet is present in the final state.
The Z+jets contribution is much smaller compared with W4jets or top processes, and is
quantified using MC simulations. The W (— 7v)+jets process is also treated as a background
and estimated using MC simulations, contributing only around 1% of the total event yields.

5.1 The matrix method

The matrix method is a widely used technique to estimate backgrounds containing non-
prompt or misidentified (“fake”) leptons. The goal of the matrix method is to estimate
the number of events in the data sample with a prompt (“real”) lepton (Ng) and events
with a “fake” lepton (Np).



Two event selection criteria are defined for leptons based on their isolation quality
requirement:

e “Tight” events satisfy the nominal selection and N7 corresponds to the number of events
passing such requirements.

e “Anti-Tight” events satisfy the nominal selection, except that the leptons are required
to fail the nominal isolation criteria while passing a very loose track-based isolation
requirement, in order to avoid using objects that are significantly different from the
signal selection. The number of such events is denoted by Nr.

Since the probabilities for real and fake leptons to satisfy the Tight selection differ, the number
of fake-lepton events in the signal region can be determined from the observed number of
data events passing each set of selection criteria. The fake-lepton contribution is obtained
by solving a system of linear equations that relates these event counts to the efficiencies for
real and fake leptons to pass the Tight and Anti-Tight selections:

N _ r f Nr (5.1)
Nir 1—r1—f) \Ng) '

In the equation, r and f represent the efficiencies of passing the Tight selection for real and
fake leptons, respectively. MC simulated signal samples, which are corrected to data as in
section 3, are used to derive the efficiency parameter r. Events are required to satisfy the
signal region kinematic selection and the selected lepton must be matched to a particle-level
lepton. The fake-lepton efficiency f, however, is measured in a region enriched in non-prompt
and misidentified leptons, referred to as the fake control region, which is defined by reversing
the EIT]rliss and mt requirements used for the signal event selection: EIT]rliss < 28 GeV and
mr < 40 GeV. All other requirements used for signal selection are kept for the fake control
region construction. Any residual contribution from prompt leptons (such as W+jets, tt
and diboson) is then subtracted using MC simulated samples. Both efficiencies r and f
are determined as functions of the lepton pr and 7, and are evaluated separately for the
1j1b and 2j1b signal regions.

The uncertainties associated with the matrix method are evaluated by considering
systematic effects on the “real” and “fake” lepton efficiency measurements. The uncertainties
of r include: signal modelling, evaluated with the difference between the r-values obtained
using SHERPA and MGAMC+PY8 FxFX signal samples mentioned in section 3, experimental
uncertainties propagated to the r calculation; and the statistical uncertainty.

The uncertainties associated with the fake-lepton efficiency f account for the choice of the
fake control region and uncertainties propagated from the prompt-lepton subtraction. The
impact of the fake control region definition is evaluated using two alternative configurations.
In the first configuration, the kinematic criteria used to construct the fake control regions are
modified. The ER requirement is inverted from EX'S < 28 GeV to a “signal-like” region
with EXsS > 28 GeV, while the mr requirement is retained to ensure orthogonality with the
signal region. The matrix method is reapplied, and the deviation from the nominal value
is assigned as an uncertainty. Given the dependence of the “fake” efficiency on jet flavour,



which may be different between the fake control region and the signal region, in the second
configuration the b-jet identification threshold in the fake control region is relaxed from a 60%
tagging efficiency working point to a 70% tagging efficiency working point in order to modify
the jet flavour composition. The matrix method is repeated, and the resulting difference
from the nominal multijet background estimate is taken as an additional uncertainty. To
evaluate the impact of the prompt-lepton subtraction, both experimental and theoretical
uncertainties are considered for the MC samples used in the prompt-lepton subtraction
and are propagated to the final multijet estimation. The total uncertainties in the multijet
background estimation are approximately 70% (85%) in the electron channel, and 45% (50%)
in the muon channel for the 1j1b (2j1b) region, with the dominant contribution arising
from the variation in the E%liss requirement.

5.2 W+jets flavour fitting

The W + c-jets and W+ light-jets processes constitute the dominant backgrounds in this
analysis, exhibiting nearly identical kinematics to the signal. Their contributions, along with
the signal W + b-jets process, are extracted simultaneously using a x? fit to the b-tagging
discriminant (DL1r tagging score) distribution. This procedure is referred to as the flavour-fit
method in the following.

With the 60% efficiency working point used for the b-jet selection, events are further
divided into two bins depending on the DL1r tagging score of the selected b-jet: the 20-60%
tagging-efficiency bin and the 0-20% tagging-efficiency bin. To extract the signal event yields
in the data, a x? is defined as follows:

Niins (Nfata _ po . NiMC,Wer - NZMC’WH B NMC,other)Q

2 1 7
X = . (5.2)
Z U(%ata + O-l%/IC

i

Here N2t is the number of data events in the ith bin and NZ-M CWHD i the number of

signal events in the ith bin from MC simulation. The W + c-jets and W+ light-jets events are

grouped together, denoted by NiM C’WH, given that their contributions in the 0-20% tagging

bin are very small, and all other background events are similarly combined to NiM Coother ppq
scale factors, pg and pi, are free parameters that can be determined analytically from the
data to extract the observed W + b-jets signal and combined W + c-jets and W+ light-jets
background (denoted by W+ other-jets in the following text). The uncertainties of data or
MC (0data and opic) do not affect the solution of this linear system. The flavour-fit procedure
is performed inclusively for the total cross-section measurement, and independently in each
b-jet pt bin for the differential cross-section measurement.

Jet-flavour-dependent DL1r calibrations are applied to correct for differences in tagging
efficiencies between data and simulation before the flavour fit. For the W + b-jets signal,
corrections are derived separately in the two tagging bins following standard ATLAS
procedures [46]. For the W + c-jets and W+ light-jets backgrounds, the 0-60% correction
factors from ATLAS standard recommendations [47, 48] are applied in both regions. To
account for the potential differences in the correction factors in the 0-20% region, an
additional 100% uncertainty is assigned.

The inclusive fit results for signal and W+ other-jets are summarised in table 1. The
statistical uncertainties on the fitted parameters pg and p; are estimated with the bootstrap
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Type

e 1j1b

e 2j1b

©n1j1b

©2j1b

W + b-jets (po)

1.02+0.01 £0.16

0.99+0.01+£0.21

0.994+0.01 £0.15

0.97£0.01 £0.19

W+ other-jets (p1)

0.93+£0.01 £0.17

1.04 £ 0.01 £0.26

0.93+£0.01 £0.18

1.02+0.01 £ 0.26

Table 1. Fitted scale factors for W + b-jets and W+ other-jets in the 1j1b and 2j1b regions for
both electron and muon final states. The quoted uncertainties correspond to the statistical (first) and
systematic (second) components.
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Figure 1. Fitted scale factors (SF) for W + b-jets (po) and W+ other-jets (p1) in bins of b-jet pr in
the (a) 1j1b and (b) 2j1b regions. The error bars represent the total uncertainty.

method [49]. One thousand replicas are generated for both data and simulated spectra based
on their statistical uncertainties, and the fit is conducted for each replica. The standard
deviation of the fitted parameters of all replicas is quoted as the statistical uncertainty.
Systematic uncertainties on the fitted parameters are evaluated using an offset method.
This method reruns the fit while varying only one systematic source at a time, and iterates
through all systematic sources. For each variation, the fitted parameters are extracted,
and the deviation from the nominal value is assigned as the systematic uncertainty. An
additional systematic uncertainty is evaluated to account for differences between SHERPA and
MGAMC+PY8 FXFX in modelling W+jets production. This uncertainty is incorporated by
substituting the DL1r score shape of W+jets from one generator with the other during the
flavour fitting procedure. For the W + b-jets signal process, in both 1j1b and 2j1b signal
regions, and for both electron and muon final states, the dominant systematic uncertainties
on the fitted parameters arise from W -+jets theoretical uncertainties and b-tagging calibration.
Similarly, for the W+ other-jets process, the dominant systematic uncertainties on the fitted
parameters arise from b-tagging calibration.

For differential measurement, independent fits are conducted in four bins of b-tagged jet
pr: 25-30 GeV, 30-40 GeV, 40-60 GeV and 60-140 GeV. The fitting strategy and uncertainty
evaluation are identical to those used for the inclusive measurement. The fitted scale factors
are shown in figure 1.

5.3 Estimated background contribution

The expected numbers of events for all processes after the previous background estimation
are summarised in table 2. In the table, W 4+ b, W + ¢ and W+ light-jet contributions are
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Type e 1j1b e 2j1b w1j1b @ 2j1b

W + b-jet 180100+ 800 | 159800+ 600 | 236400+ 800 | 206900+ 600
W + c-jet 195000+ 1000 | 90600+ 600 | 2480004+ 1000 | 110800+ 700
W+ light-jet 19700+ 700 | 10500+ 400 | 32000=£2000 | 17000+ 1000
W —rv 4500+ 300 3200+ 200 5500+ 300 4000+ 200
Z+jet 23200+ 200 | 26100+ 200 | 44100+ 700 | 27800+ 400
Diboson 2100+ 20 3150+ 30 2610+ 20 3800+ 30
Single top 69000+ 90 | 88400+ 100 | 81900+ 100 | 101000£ 100
tt 25340+ 70 | 121000+ 200 | 29900+ 80 | 138200+ 200
Multijet 17000 £12000 | 15000=£ 13000 | 200009000 | 20000 =+ 10000
Total prediction | 536000 £ 1000 | 5170004+ 1000 | 700000 #3000 | 627000+ 2000
Data 535566 517204 699516 627216

Table 2. Observed and expected number of events in each signal region after the flavour fit. Only
MC statistical uncertainties are shown for the V+jets, diboson and top-quark processes, as well as
the total predictions. For the multijet process, the total uncertainty is displayed instead.

separated according to the particle-level flavour of the b-tagged jet as explained in section 3,
and their event yields are corrected by the flavour fitting. The corrected b-jet pr distributions
are shown in figure 2, demonstrating the contribution from each process.
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Requirement Cut
Lepton transverse momentum pr > 28 GeV
Lepton pseudo-rapidity In| < 2.5
Neutrino pr > 20 GeV
mr mr > 40 GeV
Jet transverse momentum pr > 25 GeV
Jet rapidity ly| < 2.5
Jet multiplicity n=1| n=2
b-jet multiplicity np=1|ny>1
Jet isolation AR(L,jet) > 0.4

Table 3. Definition of the particle-level fiducial region of the measurement.

6 Cross-section extraction

The W + b-jets yields obtained from the flavour fits are converted into a fiducial cross-section
for W + b-jets production times branching ratio for a single leptonic decay channel (W — fv)
by correcting for all detector effects using MC simulation. The particle-level fiducial region is
defined in table 3. At particle-level, objects are selected using requirements closely matching
the reconstruction-level selection described in section 4 in order to minimize the dependence of
the measurement on theoretical predictions. In this definition, the lepton kinematic variables
are computed using final-state leptons (electrons or muons) originating from the W boson
decay, excluding electrons or muons from 7-lepton decays. Photons radiated within a cone of
AR = 0.1 around the direction of a final-state lepton are added to the lepton four-momentum.
The resulting object is referred to as a ‘dressed’ lepton. Particle-level jets are reconstructed
from generated events without detector simulation. They are clustered using the anti-k;
algorithm [38] with a radius parameter R = 0.4. All detector-stable particles with a lifetime
7 satisfying ¢r > 10mm are used, excluding those expected to deposit little or no energy
in the calorimeters (i.e., muons and neutrinos). Particle-level jets are classified as b-jets
using procedure described in section 3. Particle-level selections on neutrino pr and my
are looser than the reconstruction-level variants due to the large experimental resolution
in these quantities. The fraction of selected particle-level events that fail the reconstructed
EMiss requirement is around 25%.

For the inclusive measurement, two truth (particle-level) jet regions are defined for the
unfolding procedure: the one-jet region (requiring one truth b-jet) and the two-jet region
(requiring at least one truth b-jet). For the differential measurement, each truth region is
further subdivided into four truth b-jet pr bins: 25-30 GeV, 30-40 GeV, 40-60 GeV, and
60-140 GeV. If two b-jets are present in an event, the leading b-jet (higher pr) is used for
the differential measurement. The differential measurement is not extended to higher b-jet
pr because of the background contamination from top processes.
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The unfolding procedure can be expressed as the following formula:

o ZjA;jl’fj'(dj_bj)
g; = )
L-ei

where the factors are defined as:
e ¢;: unfolded cross-section in i-th bin in b-jet pr or jet multiplicity.
e d; — bj: background-subtracted data event number in j-th bin.
e [: integrated luminosity.

e Response matrix A: bin-to-bin migrations between the reconstructed and the truth
distribution.

e Efficiency correction factors e; = N®%i /NTi: the ratio of truth-reco-matched events
(NETi) to truth events (N7%) in the i-th bin.

e Fiducial correction factors f; = NTT/NT: the ratio of truth-reco-matched events
(NT5T) to reco events (N*) in the j-th bin.

The Monte Carlo sample simulated with SHERPA is used to derive the efficiency correction
factors e;, the fiducial correction factors f;, and the response matrix A;;. Alternative
results are also obtained with MGAMC+PY8 FXFX and serve as an estimation of
modelling uncertainty. For the inclusive measurement, the matrix inversion is conducted
straightforwardly, since there are only two bins in the jet multiplicity and the migration
effect is small. For the differential measurement, there are eight bins in total (two jet
multiplicity bins x four pl%'jet bins), and the response matrix is inverted using an iterative
Bayesian technique [50] to account for the low purity, mostly due to the resolution in the
p]%'jet measurement. In the Bayesian unfolding procedure, the MC prediction is used as
the initial prior, and five successive iterations are performed to suppress the bias from the
initial distribution. The modelling uncertainties and the potential unfolding bias will be

discussed in section 7.

7 Uncertainties

Uncertainties in the W + b-jets cross-section measurements arise from both statistical effects
associated with the finite size of the analysed data and systematic effects related to detector-
level selection, background determination, theoretical predictions and the unfolding method.
Uncertainties are treated as correlated, when appropriate, between lepton channels, signal
and background processes and across observables. Some uncertainty sources can affect
multiple components of this analysis; these are evaluated by repeating the full analysis under
each systematic variation, and taking the difference between the nominal result and the
varied result as the uncertainty. The total systematic uncertainties on the final unfolded
cross-sections are obtained by summing in quadrature all individual contributions.
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7.1 Detector-level systematic uncertainties

Detector-related systematic uncertainties are defined as uncertainties arising from the selection
or calibration of the physics objects entering the measurement and from the luminosity
measurement. They are derived by propagating each systematic shift from each systematic
source through both the flavour fit and the unfolding inputs (response matrices, efficiency
correction factors, and fiducial correction factors) into the unfolded data.

Systematic uncertainties on the leptons are related to the trigger, reconstruction,
identification and isolation criteria adopted in the selection of electrons and muons [35, 36].
Variations in the electron energy scale and resolution are taken into account, as are those
related to the muon momentum scale, the inner-detector and muon spectrometer resolution,
and the sagitta-bias corrections. These uncertainties are specific for each leptonic final state
and are therefore treated as uncorrelated between the two lepton channels.

The uncertainties associated with the reconstructed jets take into account corrections
to the energy scale and resolution [41]. They are evaluated by scaling and smearing the jet
four-momentum in the simulation according to the calibration uncertainties. The uncertainty
in the JVT efficiency is also included. The systematic uncertainty on EX accounts for the
energy scale and resolution of the soft hadronic activity in the event [37].

Uncertainties related to flavour tagging are derived from the calibration of the DL1r
tagger using data control samples enriched in b- [46], ¢- [48], or light-jets [47], covering jet
transverse momenta up to several hundred GeV. Discrepancies in flavour-tagging efficiencies
between data and simulation are corrected in simulation as a function of jet flavour, b-tagging
discriminant thresholds, and jet pr. In the uncalibrated 0-20% efficiency region for c- and
light-jets, an additional 100% uncertainty is assigned to cover the potential differences in
the correction factors. The uncertainties in the flavour-tagging calibration are extrapolated
to high pr using MC simulation [51].

The uncertainty in the combined 2015-2018 integrated luminosity is 0.83% [11], obtained
using the LUCID-2 detector for the primary luminosity measurements [13].

7.2 Background and theoretical systematic uncertainties

In addition to detector effects, uncertainties from imperfect MC modelling are included for
both signal and background processes. For top quark processes, the modelling uncertainties
considered in this analysis include variations in NLO matching, parton shower, initial- and
final-state radiation, and resummation damping. The theoretical uncertainties due to missing
higher-order corrections are probed by variations of the QCD scales, the PDF set, and
ag. These effects are evaluated using alternative MC samples or modified parameter values
following standard ATLAS prescriptions [52].

Theoretical uncertainties due to missing higher-order corrections in V +jets production
arise from two main sources. The scale uncertainties are determined by varying independently
the QCD renormalisation (ug) and factorisation (up) scales by a factor of 0.5 or 2 with an
additional constraint of 0.5 < ur/urp < 2. The envelope of the varied predictions is taken as
the error estimate, commonly referred to as the “7-point uncertainty”. Effects due to PDF
uncertainties are also considered and follow the recipes provided by the NNPDF group [19].

— 14 —



For signal W 4 b-jet processes, an additional modelling uncertainty is considered by
comparing SHERPA and MGAMC+PY8 FXFX generators. This variation affects both the
flavour fitting and the unfolding procedure. The impact of this modelling uncertainty is
evaluated by repeating the full analysis using the MGAMC+PY8 FXFX samples and taking
the difference with respect to the nominal SHERPA-based result.

The estimations of uncertainties associated with the multijet background and with the
W + c-jets and W+ light-jets backgrounds are described in section 5.1 and section 5.2,
respectively.

7.3 Unfolding systematic uncertainties

Uncertainties in the unfolding procedure arise from the statistical uncertainty of SHERPA
signal MC samples, from the modelling uncertainties of the SHERPA signal samples, and from
the intrinsic bias of the unfolding method associated with the prior used in the Bayesian
unfolding procedure.

The impact of the finite simulated sample size is evaluated using 1000 pseudo-experiments,
in which the unfolding inputs are fluctuated independently according to Gaussian distributions
and the standard deviation of the results is adopted as the uncertainty estimate.

Signal theoretical uncertainties arising from missing higher-order corrections and other
modelling uncertainties can affect response matrices, efficiency correction factors and fiducial
correction factors. These uncertainties are evaluated using QCD scale and PDF variations
in the SHERPA W+jet sample, as well as by comparing the unfolded results with those
obtained using MGAMC-+Pvy8 FxFX.

The dependence of the Bayesian unfolding regularisation procedure on the choice of the
initial prior is determined by reweighting the generator-level distribution of pl}“jet in the
SHERPA samples to provide a better description of the data at detector level. The reweighted
samples are treated as pseudo-data and unfolded using the nominal response matrix, and
the observed deviation from the reweighted generator-level distribution is quoted as the
unfolding bias introduced by the regularisation.

The statistical uncertainty of the data is propagated through the unfolding by using 1000
pseudo-experiments. The flavour fit and the unfolding are repeated for each data replica.

8 Results

The unfolded results for the inclusive W + b-jets cross-section and the differential cross-section
do/ dp][T"jet are shown in figure 3. The results are compared with the predictions of two event
generators, SHERPA and MGAMC+PvY8 FXFX (see section 3). The uncertainties on the
theory predictions are from scale and PDF variations, as described in section 7. The dominant
uncertainties are due to scale variations, which are about 10% for both generators. The PDF
uncertainties are smaller, at the level of 1-2%. Statistical uncertainties from the finite size
of the simulated samples are negligible on the theory predictions.

For the final results, the total fiducial cross-sections and the differential cross-sections
in each analysis region are combined across the electron and muon channels using the Best
Linear Unbiased Estimate (BLUE) method [53]. The x?/Ngot summed over 1j1b and 2j1b
regions, or the equivalent log likelihood —2log £ following the definition in ref. [54], are 0.2/2
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Figure 3. Measured cross-sections and comparisons to theoretical calculations: (a) total fiducial
cross-sections, (b) differential cross-sections versus pl%'jet in the combined one and two jet region, (c)
differential cross-sections versus pk}‘jet in the one jet region, and (d) differential cross-sections versus

in the two jet region. The error bars of data points include both statistical and systematic

b-jet
by
uncertainties, and the error bands of theoretical predictions are from scale and PDF variations.

and 2.0/8 for total cross-sections and differential cross-sections respectively, indicating good
consistency between the electron and muon channel results. The statistical uncertainties
are treated as uncorrelated between the two channels, while all systematic uncertainties are
treated as fully correlated, except for the uncertainties associated with lepton reconstruction,
identification, and trigger efficiencies, which are treated as uncorrelated.

The numerical values corresponding to the combination of the electron and muon channels
are shown in tables 4 to 7, together with a breakdown of the systematic uncertainties.
The total fiducial cross-section measurement has an uncertainty of approximately 10%,
dominated by systematic uncertainties, while the statistical uncertainty is about 1%. The
systematic uncertainties mainly arise from b-jet performance, with additional sizeable tt-
related contributions in the 2j1b region due to its higher background fraction. In all regions,
the experimental measurements show good agreement with the SHERPA prediction, while
the MGAMC—+PY8 FXFX results are systematically lower by about one standard deviation.
Similarly, for the differential cross-sections, the measurements are dominated by the b-jet
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Figure 5. Correlation matrix of the total uncertainties on the combined differential cross-sections in
the (a) 1-jet and 2-jet regions where the first four bins are for the 1-jet region and last four bins are
for the 2-jet region, and (b) 1+2-jet region.

related systematic uncertainties. However, as the b-jet pr increases, due to the kinematic
distribution of the tt background, the associated uncertainties increase significantly and
gradually become dominant. The measurements in different b-jet pp bins also show good
agreement with the SHERPA prediction, while the MGAMC+PvY8 FXFX results again exhibit
a systematic deficit of about one standard deviation. The correlation matrices for the inclusive
and differential measurements are presented in figure 4 and figure 5. As this analysis is
dominated by systematic uncertainties and most systematic sources are highly correlated
across bins, the correlations are large.

As discussed above, these results correspond to fiducial cross-sections for W boson
production in association with one or two b-jets. The cross-sections for W boson production
in association with a single b-jet and a non-b-jet can be inferred using the following
SHERPA predictions for the fraction of events with one b-jet in the 2j1b fiducial region:
{0.98,0.92,0.87,0.84} for the b-jet py ranges 25-30 GeV, 30-40 GeV, 40-60 GeV, and 60—
140 GeV, respectively.
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Region 1-jet 2-jets 14-2-jets
SHERPA prediction [pb] 9.0+09 78+13 16.8£23
MGAMC+PY8 FXFX prediction [pb] | 74+£0.9 6.5+0.6 13.9+1.3
Measured value [pb] 91+09 75+1.1 16.6+1.9
Stat. Unc. [%)] 0.8 1.2 0.9
Syst. Unc. [%)] 10.1 14.7 11.6
Breakdown of systematic uncertainty [%)]
Stat. Unc. (MC) 0.9 1.2 0.9
V+jet Scale 0.6 1.5 0.8
V+jet PDF 0.6 0.5 0.4
Top background 3.1 7.0 4.3
Electron 1.2 1.7 1.4
Muon 2.2 3.3 2.7
JVT <0.1 <0.1 <0.1
Jet pr 3.5 3.0 3.1
b-tag 7.3 10.2 8.3
E%liss 2.6 4.7 3.5
Luminosity 1.3 2.2 1.7
Multijet background 3.3 3.2 3.2
Unfolding 0.4 0.6 <0.1

Table 4. Combined W + b-jet fiducial cross-sections with a breakdown of uncertainties. The unfolding
uncertainty includes both the statistical uncertainty in the unfolding procedure and the modelling
uncertainty. Predictions from both SHERPA and MGAMCH+PY8 FXFX are shown for comparison.
The uncertainties on the predictions are from scale and PDF variations.
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P2 [GeV] [25, 30] 30, 40] [40, 60] [60, 140]
SHERPA prediction [pb] 2914+0.24 3.01£0.30 2.03+£0.25 1.00+£0.14
MGAMC+Pvy8 FxFX prediction [pb] | 2.52+0.35 2.47+0.34 1.56+0.18 0.7940.07
Measured value [pb] 3.06+£0.43 2994025 2.01+0.21 1.09+0.21
Stat. Unc. [%] 1.6 1.6 1.8 2.9
Syst. Unc. [%)] 13.9 8.4 10.2 19.7
Breakdown of systematic uncertainty [%)]
Stat. Unc. (MC) 2.6 2.0 1.8 2.0
V+jet scale 0.4 0.3 0.7 0.8
V+jet PDF 14 0.8 1.1 1.3
Top background 0.8 1.9 4.8 12.9
Electron 1.1 0.6 1.0 3.8
Muon 1.9 1.6 2.3 4.5
JVT <0.1 <0.1 <0.1 <0.1
Jet pr 2.8 3.0 4.4 7.1
b-tag 12.4 6.3 5.2 6.4
E%‘iss 3.1 2.3 3.9 7.7
Luminosity 0.9 1.1 1.7 3.1
Multijet background 1.7 2.1 2.7 5.2
Unfolding 2.4 0.5 1.1 1.0

Table 5. Combined differential cross-sections in the 1-jet region with a breakdown of uncertainties.
The unfolding uncertainty includes the statistical uncertainty in the unfolding procedure, the modelling
uncertainty and the unfolding bias introduced by the Bayesian unfolding method. Predictions from
both SHERPA and MGAMCHPY8 FXFX are shown for comparison. The uncertainties on the
predictions are from scale and PDF variations.
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P2 [GeV] [25, 30] 30, 40] [40, 60] [60, 140]
SHERPA prediction [pb] 1.58 £0.23 2.154+0.34 2.104+0.37 1.67+0.33
MGAMC+Pvy8 FxFX prediction [pb] | 1.23£0.10 1.73+0.15 1.75+0.16 1.494+0.13
Measured value [pb] 1.584+0.31 2.03+0.25 1.994+0.27 1.75+0.44
Stat. Unc. [%] 2.2 1.4 1.4 2.5
Syst. Unc. [%] 19.3 12.2 13.3 24.8
Breakdown of systematic uncertainty [%)]

Stat. Unc. (MC) 3.2 1.7 1.4 2.3
V+jet scale <0.1 0.3 0.5 0.5
V+jet PDF 0.9 0.7 0.6 1.3
Top background 1.6 4.8 7.7 16.0
Electron 14 0.9 0.7 2.0
Muon 24 1.9 2.7 5.0
JVT <0.1 <0.1 <0.1 <0.1
Jet pr 4.2 3.2 3.0 7.5
b-tag 17.7 9.7 8.2 11.9
E%‘iss 2.9 2.6 4.8 9.7
Luminosity 1.1 14 2.1 3.6
Multijet background 14 2.0 3.0 5.3
Unfolding 2.9 1.0 0.2 0.8

Table 6. Combined differential cross-sections in the 2-jet region with a breakdown of uncertainties.
The unfolding uncertainty includes the statistical uncertainty in the unfolding procedure, the modelling
uncertainty and the unfolding bias introduced by the Bayesian unfolding method. Predictions from
both SHERPA and MGAMCHPY8 FXFX are shown for comparison. The uncertainties on the
predictions are from scale and PDF variations.
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P2 [GeV] [25, 30] 30, 40] [40, 60] [60, 140]
SHERPA prediction [pb] 449+046 5.16+£0.64 4.13+£0.62 2.6740.47
MGAMC+Pvy8 FxFX prediction [pb] | 3.75£0.39 4.20+0.42 3.31+0.32 2.274+0.20
Measured value [pb] 4.64+0.72 5.02+0.48 4.024+0.44 2.84+0.62
Stat. Unc. [%] 1.6 1.4 1.3 1.9
Syst. Unc. [%)] 15.6 9.5 10.9 21.7
Breakdown of systematic uncertainty [%)]

Stat. Unc. (MC) 2.6 1.7 1.3 1.8
V+jet Scale 0.4 0.4 0.5 0.6
V+jet PDF 1.3 0.7 0.4 1.1
Top background 0.9 3.0 5.8 13.8
Electron 1.2 0.5 0.7 2.1
Muon 2.1 1.7 2.4 4.7
JVT <0.1 <0.1 <0.1 <0.1
Jet pr 2.9 2.7 3.3 7.0
b-tag 14.2 7.6 6.2 9.6
E%‘iss 3.0 2.3 44 8.8
Luminosity 0.9 1.2 1.9 3.4
Multijet background 1.6 2.0 2.7 5.3
Unfolding 2.6 0.7 0.6 0.9

Table 7. Combined differential cross-sections in the 14-2-jet region with a breakdown of uncertainties.
The unfolding uncertainty includes the statistical uncertainty in the unfolding procedure, the modelling
uncertainty and the unfolding bias introduced by the Bayesian unfolding method. Predictions from
both SHERPA and MGAMCHPY8 FXFX are shown for comparison. The uncertainties on the
predictions are from scale and PDF variations.
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9 Conclusions

A measurement of the cross-section of W boson production in association with b-jets at
/s = 13 TeV is presented, based on data corresponding to an integrated luminosity of 140 fb~1
collected with the ATLAS detector at the LHC in Run 2. The analysis defines two signal
regions with exactly one or two jets in the final state, requiring exactly one of the jets to be
b-tagged. The signal yields are estimated separately in the electron and muon decay channels
and unfolded to a common fiducial phase space. Good agreement is observed between the
results in the electron and muon channels, and combined measurements are provided.

The measured fiducial cross-sections in the 1-jet, 2-jets and 142 jets combined regions are:

ogd(1-jet) = 9.1 £0.1 (stat.) +0.9 (syst.) pb,
ohd(2-jets) = 7.5 £ 0.1 (stat.) £ 1.1 (syst.) pb,
osq (142 jets) = 16.6 = 0.2 (stat.) + 1.9 (syst.) pb.

They are found to be consistent with the SHERPA predictions, while being larger than the
MGAMC+PY8 FxFX predictions by approximately one standard deviation. The uncertainty
on the total cross-section is about 10% and is dominated by systematic uncertainties. The
precision of theory predictions is limited by missing higher-order uncertainties, which are
estimated through scale variations to be approximately at the 10% level.

A differential cross-section measurement as a function of the leading b-jet pr is also
presented, for jets with pr in the range of 25 GeV to 140 GeV. The measured differential
cross-sections show good agreement with the theoretical predictions.

Compared to the previous ATLAS 7TeV measurement [8], the statistical uncertainty
is reduced approximately by a factor of ten and the systematic uncertainty by a factor
of two. This improvement is primarily due to the much larger dataset and improved jet
and b-tagging performance.
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