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1 Introduction

The study of Drell-Yan production of charged-lepton pairs resulted in the historic discoveries
of the J/v [1, 2] and T [3] mesons, and of the Z boson [4, 5]. Further studies have provided
precise measurements of the weak mixing angle [6-8] and constraints on parton distribution
functions [9-12]. At high invariant mass, Drell-Yan production probes a variety of possible
new interactions including the production or exchange of Z’ bosons [13, 14], leptoquarks [15],
and additional Higgs bosons [16]. There are well-motivated scenarios for these particles to have
enhanced couplings to third-generation fermions [17], making Drell-Yan production in the 77
final state a promising probe for new physics. For example, measurements of B-hadron decays
to D™ 7v show increased rates relative to the corresponding decays to lighter leptons [18-26].
This could be explained by the presence of a leptoquark or Z’ boson that preferentially
couples to third-generation fermions and would affect 77 production at high invariant mass.

Prior studies of pp — 77 production have probed the Z boson resonance [27-29], while
studies of light leptons have extended to high invariant mass [10, 30-34]. Searches for new
particles have probed the high-mass region for both resonant and non-resonant production



of T-lepton pairs [33, 35-38]. This paper presents the first measurement of the inclusive 77
fiducial cross-section as a function of visible invariant mass, along with a search for new
states through non-resonant interactions. These interactions include generic four-fermion
interactions and 77+ interactions that affect the anomalous magnetic moment of the 7-lepton.
The analysis is performed using the hadronic decays of the 7-leptons since the Drell-Yan
purity is lower when there is one or more leptonic decay.

To improve sensitivity to third-generation couplings, non-resonant interactions are probed
in bins of b-jet multiplicity. A b-quark from the proton participating in the hard interaction
will frequently have an associated b quark with substantial momentum. The maximum
sensitivity to new third-generation interactions is observed in final states with one b-jet. The
fit in bins of b-jet multiplicity constrains significant backgrounds, improving the sensitivity to
new processes. For interactions beyond the SM (BSM), the BSM-only process is considered
along with its interference with the SM production of 7-lepton pairs. The interference
contribution is found to significantly affect signal constraints, and has not been included
in previous non-resonant searches in this final state [37, 38].

This paper is organized as follows. Section 2 describes the ATLAS detector and the data
samples. Section 3 gives a brief overview of the reconstruction of physics objects, focusing
primarily on the reconstruction and identification of hadronic 7-lepton decays. A detailed
discussion of the data modelling follows in section 4, covering both the Monte Carlo samples
used in the analysis and the data-driven estimate of the misreconstructed 7-lepton background.
The results of the 77 cross-section measurement are presented in section 5, and those of the
non-resonant search in section 6. Conclusions are provided in section 7.

2 ATLAS detector and data set

The ATLAS experiment [39] at the Large Hadron Collider (LHC) [40] is a multipurpose
particle detector with a forward-backward symmetric cylindrical geometry and a near 47
coverage in solid angle.! Tt consists of an inner tracking detector (ID) surrounded by a
thin superconducting solenoid providing a 2T axial magnetic field, electromagnetic and
hadronic calorimeters, and a muon spectrometer (MS). The ID 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 high granularity within the region || < 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 MS surrounds the calorimeters and is based on three large
superconducting air-core toroidal magnets with eight coils each. The field integral of the

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
E+p.
E—-p-

measured in units of AR = /(Ay)? 4+ (A¢)2. Momentum projected onto the transverse plane is denoted pr.

n = —Intan(6/2) and is equal to the rapidity y = 3 In ( ) in the relativistic limit. Angular distance is



toroids ranges between 2.0 and 6.0 T m across most of the detector. The MS includes a system
of precision tracking chambers up to |n| = 2.7 and fast detectors for triggering up to |n| = 2.4.

A two-level trigger system is used to select events [41]. The first-level trigger is
implemented in hardware and uses a subset of the detector information to accept events at a
rate below 100 kHz. This is followed by a software-based trigger that reduces the accepted
event rate to 1 kHz on average depending on the data-taking conditions. A software suite [42]
is used in data simulation, in the reconstruction and analysis of real and simulated data, in
detector operations, and in the trigger and data acquisition systems of the experiment.

The data set was collected between 2015 and 2018, during the LHC Run-2 production
of \/s = 13TeV pp collisions, and corresponds to an integrated luminosity of 140fb~!
with an uncertainty of 0.83% [43]. The LUCID-2 detector [44] is used for the primary
luminosity measurements, which are complemented by measurements using the inner detector
and calorimeters. Events are included from runs with fully operational tracking detectors
and calorimetery [45], and were primarily collected with a trigger requiring a hadronically
decaying 7-lepton with pt > 80 GeV and another with pr > 60 GeV in the software-based
trigger. A single-7 trigger contributes significantly to the efficiency at high invariant mass.
To ensure a high trigger efficiency the offline selection requires the highest pr 7-lepton
to have pr > 90 GeV. The selection yields a total of 6679 events. Additional validation
data sets were primarily collected with a trigger requiring a single electron or muon with
pr > 28 GeV. Events from these triggers, along with those from a single-jet trigger, are
used in the background estimation [46].

3 Object reconstruction

This analysis uses events with two reconstructed 7-leptons decaying into hadrons (7haq)-
Validation of the modelling is performed using events with one 1,4 and one charged lepton
(e or u). The data are separated into bins of b-jet multiplicity to maximize sensitivity to
interactions involving b-quarks. Standard ATLAS procedures are applied for the reconstruction
and calibration of these objects.

Hadronic 7-lepton decays produce a neutrino and visible decay products, typically one
or three charged pions and up to two neutral pions. The reconstruction of the m,,q4 object
is seeded by jets reconstructed using the anti-k; algorithm [47] with a radius parameter
of R = 0.4. Reconstructed tracks are then matched to m,q candidates. These candidates
must have one or three associated tracks whose charge sum is +1, and must have |n| < 2.47
excluding the transition region between the barrel and endcap calorimeters (1.37 < |n| < 1.52)
due to the large amount of material in front of the first active layer. In order to separate the
Thad candidates produced by hadronic 7-lepton decays from those produced by jets initiated by
quarks or gluons, a recurrent neural-network identification algorithm (RNN) [48] is used. This
algorithm uses information from reconstructed charged-particle tracks and calorimeter energy
clusters, together with high-level discriminating variables. The m,,q4 objects are required to
fulfill the ‘Tight’ identification criterion. A separate discriminant (‘eBDT”) [49] is constructed
to reject backgrounds originating from electrons misidentified as m,,q, arising mostly from
Z — ee events in this analysis. In events with an identified electron, the m,,q object is
required to pass the ‘Loose’ working point of the eBDT algorithm. Systematic uncertainties



in the m,q reconstruction vary with pr and range from 2-6% for the RNN and 1-2% for
the eBDT. The 7y,,q4 energy scale is studied using Z — 77 decays in events with one muon
and one a4, and has an uncertainty of 1-4% [50].

Jets are reconstructed using the anti-k; algorithm as implemented in FastJet [51] with a jet
radius parameter R = 0.4. The inputs to this algorithm are particle flow (PFlow) objects [52],
which combine measurements from the ATLAS inner detector and calorimeters [53] to improve
the jet energy resolution and increase the jet reconstruction efficiency, especially at low jet
pr. A jet vertex tagger (JVT) [54] is used to remove jets with pr < 60 GeV and |n| < 2.5
that are identified as not being associated with the event’s primary vertex, defined as the
vertex with the highest 3" p% of associated tracks. Similarly, pile-up jets in the forward
region are suppressed with a forward JVT [55] algorithm, which exploits jet shapes and
topological jet correlations in pile-up interactions and is applied to all jets with pp < 60 GeV
and |n| > 2.5. Calibrations are applied to the jet energy scale (JES) and jet energy resolution
(JER), which include components derived both from simulation and in situ measurements [56].
Systematic uncertainties in the JES and JER are evaluated using a series of simulation-based
techniques and in-situ measurements.

Jets originating from b-quarks are identified using the DL1r b-tagging algorithm [57] and
are required to have pp > 25GeV and |n| < 2.5. Operating points are defined by a single
threshold on the discriminant output distribution and are chosen to provide a specific b-jet
efficiency on an inclusive ¢t Monte Carlo sample [58]. The 77% working point is used to
select b-jets. Correction factors are applied to the simulated event samples to compensate for
differences between data and simulation in the b-tagging efficiency for b, ¢ and light-quark
jets. The correction for b-jets is derived from tt events with final states containing two
leptons, and the corrections are consistent with unity with uncertainties at the level of a
few percent over most of the jet pp range.

Electrons are reconstructed from topological clusters of energy deposits in the
electromagnetic calorimeter, matched to a track reconstructed in the ID. They are required
to satisfy the ‘Medium’ identification criteria [59], to have pp > 7GeV, and to be in the
fiducial volume of the ID and the high-granularity electromagnetic calorimeters, |n| < 2.47,
with the exclusion of the LAr barrel-endcap transition region 1.37 < |n| < 1.52. The Medium
identification has an efficiency of 80% to 90%. The clusters are additionally required to pass
the ‘FCHighPTCaloOnly’ isolation criteria [60].

Muons are reconstructed from signals in the MS matched with tracks in the ID. They are
required to satisfy the ‘Medium’ identification criteria and the ‘FCLoose’ isolation criteria [61],
and to have pp > 7GeV and |n| < 2.5. The Medium identification has an efficiency above 97%.

Since the objects used in the analysis are reconstructed from the same set of tracks and
calorimetric energy clusters, some constituents can be associated with multiple objects. These
overlaps between different objects are resolved with the procedure described in ref. [62].

4 Modelling

The data are modelled using Monte Carlo (MC) event samples corresponding to the dominant
Drell-Yan process and the top-quark processes that contribute significantly to events containing
one or more b-jets. The small diboson and Higgs boson components are also modelled using



MC. A final component consists of one or two hadronic jets misreconstructed as 1,4 objects,
and is evaluated using data-driven techniques.

4.1 Monte Carlo samples

The Drell-Yan production of lepton pairs is modelled using SHERPA 2.2.11 [63] events generated
with matrix-element calculations at next-to-leading order (NLO) in QCD for up to two
additional partons, and calculations at leading order (LO) for up to five additional partons
using the Comix [64] and OPENLoOOPSs [65-67] libraries. The calculations are matched to
the SHERPA parton shower based on Catani-Seymour dipole factorisation [64, 68] using the
MEPS@NLO prescription [69-72]. The NNPDF3.0NNLO parton distribution functions
(PDFs) [73] are used. Uncertainties in the Drell-Yan predictions are estimated by comparing
distributions to those from events generated with the POWHEG Box v1 [74-77] generator at
NLO accuracy in QCD and interfaced to PYTHIA 8.186 [78] for the modelling of the parton
shower, hadronisation, and underlying event, with parameters set according to the AZNLO
set of tuned parameters (tune) [79]. For these events, the CT10NLO PDF set [80] is used for
the hard-scattering process, and the CTEQ6L1 PDF set [81] is used for the parton shower.
The effect of QED final-state radiation was simulated with PHOTOS++ 3.52 [82, 83], and
the EVTGEN 1.2.0 program [84] is used to decay bottom and charm hadrons.

The production of ¢ events is modelled using the POWHEG BOX v2 generator at NLO
in QCD with the NNPDF3.0NLO PDF set and the hgamp parameter? set to 1.5 Miop [85].
The events are interfaced to PYTHIA 8.230 [86] to model the parton shower, hadronisation,
and underlying event, with parameters set according to the A14 tune [87] and using the
NNPDF2.3L0 [88] set of PDFs. The decays of bottom and charm hadrons are performed by
EvTGEN 1.6.0. Parton-shower uncertainties are estimated by replacing the PYTHIA parton
shower with that of HERWIG 7.13 [89, 90] using the default set of tuned parameters and the
MMHT2014 PDF set [91]. The uncertainty in the matching of the matrix element (ME) to the
parton shower is estimated using events generated with the PyTHIA ‘POWHEG::pThard=1’
option, which changes the scale from the minimum pr of all final-state particles in the
POWHEG calculation to the pp of the POWHEG emission.

Individual top quarks can be produced in association with a W boson, in the ¢t-channel,
or in the s-channel. Single-top processes are modelled using the POWHEG BOX v2 generator
at NLO in QCD using the NNPDF3.0NLO PDF set, interfaced to PYTHIA 8.230 using the
A14 tune and the NNPDF2.3L0 PDF set. The four-flavour (five-flavour) scheme is used
for t-channel (s-channel and associated) production. For associated production the diagram
subtraction scheme [85, 92] is used to remove interference and overlap with ¢t production.
The related uncertainty is estimated by comparing with an alternative sample generated
using the diagram removal scheme [85, 92]. Uncertainties due to the parton shower model
are evaluated using samples interfaced to HERWIG 7.04 with the default parameters and
the MMHT14LO PDF set. Uncertainties in the matching of the parton shower to the ME

2The hdamp parameter is a resummation damping factor and one of the parameters that controls the
matching of POWHEG matrix element to the parton shower and thus effectively regulates the high-pr radiation
against which the ¢ system recoils.



are evaluated using a sample generated with MADGRAPHS AMC@NLO 2.6.2 [93] using
the NNPDF2.3NLO PDF set.

Diboson production (VV') with fully leptonic and semileptonic final states are modelled
with the SHERPA 2.2.11 generator using matrix elements calculated at NLO accuracy in
QCD for up to one additional parton and at LO accuracy for up to three additional parton
emissions. The loop-induced gg — V'V processes are modelled using LO ME calculations for
up to one additional parton emission. The ME calculations are matched to the SHERPA parton
shower using the MEPS@NLO prescription. The virtual QCD corrections are provided by
the OPENLOOPs library. The NNPDF3.0NNLO set of PDFs is used, along with the dedicated
set of tuned parton-shower parameters developed by the SHERPA authors.

Higgs boson production (H — 77) via gluon-gluon fusion is simulated at next-to-next-
to-leading-order (NNLO) accuracy in QCD using POWHEG Boxv2 [74-76, 94, 95]. The
PDF4LHC15NNLO PDF set [96] and the AZNLO tune of PYTHIA 8 are used. The Monte
Carlo sample is normalized to the next-to-NNLO cross-section in QCD plus electroweak
corrections at next-to-leading order [97-107]. The normalization accounts for the decay
branching ratio calculated with HDECAY [108-110] and PROPHECY4F [111-113].

Potential off-shell leptoquark and Z’ boson contributions to high-mass Drell-Yan
production are modelled with MADGRAPH5__ AMCQNLO 2.9.9 using LO-accurate matrix
elements with up to two final-state partons. The samples are generated using the
‘vector_LQ_UFO’ model [114] and correspond separately to contributions from BSM
interference with the SM amplitude and from BSM-only amplitudes. In the off-shell regime
the kinematics of b-jets are similar between SM and BSM amplitudes, so the calculation
consists of an SM amplitude at LO with up to two additional partons, reweighted to the
predictions for several leptoquark and Z’ boson parameters. The ME calculation employs
the NNPDF2.3L0 set of PDFs, and the events are interfaced to PyTHiA 8.306 [115] for
the modelling of the parton shower, hadronisation, and underlying event. The A14 tune
of PYTHIA is used with the NNPDF2.3L0 PDF set. The overlap between ME and parton
shower emissions is removed using the CKKW-L merging procedure. The decays of bottom
and charm hadrons are performed by EVTGEN 1.2.0.

The MADGRAPH5__AMCQ@NLO calculation of Drell-Yan in association with b-jets
is validated by comparing the ATLAS measurement of Z + b-jet production [116] to the
predictions of MADGRAPHS5__AMCQ@NLO generated at the same order and with the same
merging procedure as used for the signal sample. The MADGRAPH5__AMCQ@NLO predictions
agree with the measurement to within its precision of 5%. The signal generation is further
validated by comparing 77b production using the leptoquark signal model to the same
process using the SM reweighted to the signal model. The cross-sections agree to better than
10%. Uncertainties in the signal cross-sections from renormalization and factorization scale
variations, and from PDF variations, are of this order or larger.

Effective dimension-6 interactions involving 7-leptons are modelled using
MADGRAPHS AMCQ@QNLO2.9.9 with ME calculations from the SMEFTSim 3.0
‘topU3l” model [117]. Events are generated by setting one of the Wilson coefficients to
1/TeV? and reweighting to the others. In the fit to data the coefficients are rescaled as
necessary to correspond to those of the ‘top’ model. Beyond the ME-level the samples are
processed in the same way as for the leptoquark and Z’ boson samples.

-6 —



Process Generator Perturbative order (QCD) PDF

Drell-Yan SHERPA NLO (< 2 partons), NNPDF3.0NNLO
LO (3-5 partons)

tt, single top POWHEG + PYTHIA 8 NLO NNPDF3.0NLO

Vv SHERPA NLO (< 1 parton), NNPDF3.0NNLO
LO (2-3 partons)

H—=r717 POWHEG + PyTHIA 8 NNLO PDF4LHCI15NNLO

Non-SM MADGRAPHS__AMCQ@QNLO LO NNPDF2.3L0

+ PyTHIA 8

Table 1. Monte Carlo samples used to model the SM and non-SM processes. Additional samples are
used to estimate systematic uncertainties.

Table 1 summarizes the modelled processes and the event generators used in the analysis.
For all samples, the effect of multiple interactions in the same and neighbouring bunch
crossings is modelled by overlaying the simulated hard-scattering event with inelastic proton-
proton (pp) events generated with PyYTHIA 8.186 using the NNPDF2.3L0 set of parton
distribution functions and the A3 set of tuned parameters [118]. The ATLAS detector is
modelled using a simulation [119] based on GEANT4 [120].

4.2 Misreconstructed m,,q background

Some 7y,4 candidates originate from hadronic jets, i.e. they are misreconstructed. Events
with one jet misreconstructed as a Th,q object arise predominantly from W(— 7v)+jets
production, and events with two misreconstructed jets arise from QCD multijet production.
Both backgrounds are estimated using a ‘fake-factor’ technique [46], where a sample enriched
in misreconstructed jets is used to predict the contribution in the measurement sample.

The Tight 1,4 objects used in this analysis include a requirement that the RNN score
be larger than 0.8. Exclusive background-enriched regions are selected by requiring one or
two Thaq Objects to have RNN < 0.8. The extrapolation to the selection region is performed
using a fake factor, defined as the ratio of misreconstructed jets satisfying RNN > 0.8 to
those with RNN < 0.8. The value of the fake factor depends on the parton-level source of
the jet, and is ~ 3 times larger for quark-initiated jets than for gluon-initiated jets. The
source of the jets in the background-enriched region must therefore be estimated in order
to obtain an accurate fake factor for extrapolation.

An effective discriminant for a jet’s origin is its width, defined as the sum of the AR-
weighted pr of its constituents, divided by the total pr [121]. The width of the m,,q4 object
is calculated using its associated calorimeter clusters, and its distribution is obtained in
quark-enriched Z(— pu)+jets events and in gluon-enriched multijet events [46]. Jets in the
latter set of events are further divided into those arising from the hard scatter and those
arising from pile-up, via the JVT algorithm. The fake factor is calculated in each sample.
The fake factors are shown as a function of the pr of the 7,4 object in figure 1(a).

The normalization of each 7,4 source in the background-enriched region is determined
from fits to the width distribution as a function of pr and 7, for one or three associated
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Figure 1. (a) The fake factor as a function of m,,q4 pr for each category of events and 7,4 objects
with one associated charged track and |n| < 1. The overall fake factor used in the analysis (black
hatched) is determined using the relative fractions of the categories obtained from the width fit. (b)
The result of the width fit for 1,,4 objects with one associated charged track, pr between 70 and
90 GeV, and |n| < 1. The ratio of data to prediction is shown in the bottom panel, along with the
combined statistical uncertainty in the templates (hatched band). This fit is used to obtain the overall
fake factor in the second bin of the left-hand plot.

charged tracks. Figure 1(b) shows the results of a fit to the m,q object width in events
with one 7,4 object with RNN < 0.8 and one with RNN > 0.8, where the object with
RNN < 0.8 has one associated charged track, pp between 70 and 90 GeV, and |n| < 1. Each
fit determines the relative amount of each jet source, and the extrapolation to the selection
region is performed by applying the appropriate source-weighted fake factor to each event.
The resulting yield correctly accounts for the W+jets misreconstruction background, but it
double-counts the contribution from the multijet background. This overestimate is corrected
by subtracting this contribution, determined using events containing two 7,4 objects with
RNN < 0.8 multiplied by the appropriate fake factors.

The uncertainty in the background estimate is dominated by statistical uncertainties in the
template histograms used for the fit to the m,,q width, in the fit parameters, in the individual
fake factors, and in the yield of my,q objects with RNN < 0.8. The method is validated using
events with two same-charge m,,q objects and events with one 7,,q object and a same-charge
muon or electron. The majority of these events contain a misreconstructed m,,q object. Events
with an electron also contain a sizeable contribution from the Drell-Yan production of electron
pairs, where an electron is misreconstructed as a T,q; this component is estimated using
simulation rather than included in the misreconstructed 7,4 background. Figure 2 shows
that the predictions are consistent with the data over a large range of reconstructed invariant
mass (M, r.q OF Metr,,), given the approximately 10% uncertainty in the prediction.
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Figure 2. The distribution of the visible invariant mass of (a) two same-charge 7,4 objects or (b) one
Thad Object and an electron or muon with the same charge. The bottom panels show the ratio of data
to the SM prediction, with the shaded band representing the total uncertainty in the prediction. The
processes labelled ‘Others’ are the production of dibosons, Higgs bosons, and Drell-Yan pairs of electrons
and muons. The events are used to validate the estimate of the misreconstructed m,,q background.

5 Measurement of the inclusive T,q7Thaq Cross-section

The measured differential cross-section is defined by kinematic selections of final-state particles
such that they lie within a fiducial phase space which closely reflects the acceptance of the
detector. This ensures minimal extrapolation from the observed detector-level data to the
unfolded particle-level cross-sections, and minimal model dependence in the final particle-level
measurement.

5.1 Definition of the measured final state

Particle-level 13,,4 candidates are built from the visible decay products of prompt, hadronically-
decaying 7-leptons; the momentum sum of these visible decay products (the ‘visible
momentum’) must yield ppr > 20 GeV and |n| < 2.47 (excluding 1.37 < |n| < 1.52). ‘Prompt’
here means that the lepton does not have a hadron ancestor beyond the initial-state protons.

Only events with exactly two fiducial m,,q objects, as defined above, contribute to the
cross-section. The 7,,q with the highest pr is required to have pp > 90 GeV, and the other is
required to have pr > 60 GeV. They are required to have opposite signs, and their visible
components are used to build the particle-level m¥iS. As in refs. [122] and [123], fiducially
accepted events need not originate from any particular production process, be that Drell-Yan,
tt, multi-boson, tW, or some other source. Any event that meets the particle-level fiducial

requirements is treated as signal and will be included in the reported unfolded cross-sections.

5.2 Correction for detector effects

The detector-level distribution of the visible Thaq Thaq invariant mass is shown in figure 3. The
detector-level data are compared to the SM prediction consisting of the MC-estimated
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Figure 3. The T,,q Thaq visible invariant mass in the region of the measurement, before background
subtraction and correction for detector effects.

contributions from SM processes producing 7 pairs, as well as the contribution from
misidentified .4 objects. The data are well modelled by the simulation.
Detector effects are unfolded using an iterative Bayesian method [124] to yield a detector-
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agnostic measurement of fiducial, differential cross-sections binned in mJ’s

. The key ingredients
to such an unfolding are the reconstruction efficiency, the backgrounds from misidentified
Thad Objects, and the migrations between particle and detector level caused by the detector
response, as encoded in the transfer, or migration, matrix. The method reweights the input
distribution in a series of interations based on the level of agreement between the data and
the simulation, progressively removing the bias from the input distributon. Two iterations
are used in this case, a number which was found to be the optimal compromise between the
bias, which decreases with each iteration, and the statistical uncertainty, which increases.

Non-fiducial events are defined as those that do not pass the particle-level event selection:
that is, they either fail the particle-level object selection (for example they do not contain
two true 7-leptons) or the object kinematics fall out of the fiducial acceptance. Non-fiducial
events constitute around 27% of the events in the bin around mYs = 150 GeV, falling to
around 4% of the events at masses above 200 GeV. Contributions from this background are
taken from MC predictions and accounted for as part of the unfolding procedure.

For the fiducial events which also pass the event selection criteria at the detector level,
there will be migrations between mass bins due to the finite resolution of the detector. The
transfer matrix describing these migrations using the off-diagonal matrix cells is evaluated
using the nominal SHERPA samples, and is shown in figure 4. The efficiency is the diagonal
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Figure 4. The nominal transfer matrix, showing the probability of an event from a fiducial mY!* bin
to be reconstructed at detector-level in a given bin of Th,q7haq invariant mass.

component of the migration matrix, divided by the sum of the truth row for each bin and
the number of events with a true mY! in that bin but no reconstructed 7-lepton pair. It
is around 15% for m¥s > 200 GeV.

The purity in each bin is the fraction of fiducial events in a given detector-level bin
which are in the same bin at particle-level. This is essentially the diagonal component of
the migration matrix divided by the sum of the reconstruction level column for each bin. It
is about 70% for masses of 150 GeV, and larger everywhere else.

The systematic uncertainties in the unfolded cross-section are evaluated by shifting the
MC sample by the relevant uncertainty, re-evaluating the transfer matrix and redoing the
unfolding. The total statistical uncertainty is evaluated similarly, by generating bootstraps
from a Poisson distribution [125]. To assess any bias in the procedure, additional pseudodata
sets were created by injecting simulated BSM events generated using the leptoquark model
discussed in the following section, as well as by varying the SM subprocess composition of
the sample (the most important being varying the contribution of top processes compared to
Drell-Yan within their uncertainties) and by reweighting the visible 7,4 pr distribution of
the nominal SM sample to data. In each case the (pseudo)data were then unfolded using
the nominal response matrix derived from purely SM events. The biases were found to be
small, and where significant are included in the modelling uncertainty.

The systematic uncertainty breakdown obtained for each subsample is shown in figure 5. It
can be seen that the most important uncertainties are the modelling and 7-lepton identification
uncertainties, especially near the low mass threshold, with the statistical uncertainty rising
from around 8% at low mYis to 15% at the highest values. The total uncertainty rises to close
to 50% at low mass, principally due to the fact that in this region the 7-lepton candidates
lie close to the pr threshold.

— 11 —
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Figure 5. Uncertainty breakdown for the mY* differential cross-section measurement.

5.3 Results

The measured cross-section is shown in figure 6. It peaks at mY ~ 200 GeV, falling in
magnitude below this value because only a small fraction of events at lower masses satisfy
the transverse momentum cuts of 90 GeV and 60 GeV which form part of the definition of the
fiducial cross-section. The measurement is compared to SM predictions from SHERPA 2.2.11
(MEPSQ@QNLO) and PowHEG Box +PyTHIA8 (NLOPS), where all SM processes that
contribute significantly to the cross-section are considered (principally top production and
Drell-Yan). The uncertainty bars on the data contain all experimental uncertainties. The
uncertainties in the SM predictions include the effect of QCD renormalization and factorization
scale variations, and PDF uncertainties.

The theory predictions from both MEPS@QNLO and NLOPS lie within the uncertainty
bars of the unfolded data. At lower masses the predictions lie somewhat above the data, with
the agreement improving for mYs > 300 GeV. The covariance matrix for the uncertainties
is constructed, under the assumption that the theory and experimental uncertainties are
normally distributed. Using this matrix, the p-value for the fit is 0.78. The results are made

available in HEPData [126], with an accompanying Rivet routine [127].

6 Search for new non-resonant interactions

Generic non-resonant interactions can be described by an effective field theory (EFT). Of
particular interest in the 77 final state are preferential couplings to third-generation fermions.
Such couplings would enhance the effect on the 77 mass distribution in events with one or two
b-jets, as the presence of b-jets suggests the primary interaction involves b-quarks. Since the
background also depends on b-jet multiplicity, the analysis is separated into events with 0, 1, or
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Figure 6. Unfolded fiducial cross-section, differential in mY!, compared with SM predictions from
MEPSQNLO (SHERPA 2.2.11) and NLOPS (POwWHEG Box +PYTHIA 8), where all SM processes
that contribute significantly to the cross-section are considered. The curve labelled ‘Drell-Yan
(MEPS@NLO)’ corresponds to the SHERPA 2.2.11 generated Drell-Yan process only, shown with only
MC statistical uncertainties, to indicate the expected contribution from this process. The rightmost bin
is an overflow bin, integrating the cross-section above 635 GeV, as indicated on the right-hand axis label.

at least 2 b-jets. A profile likelihood fit to the data is performed for general 77qq and Z (/)77
EFT couplings, and for leptoquarks and Z’ bosons coupling preferentially to b-quarks.

6.1 SM effective field theory

The general Lagrangrian of an EFT respecting the Standard Model gauge symmetries can
be expressed as:

(6)
A2 +..., (6.1)

Lsverr = Lsv+ Y
i

where the operators @) have mass-dimension six, the suppression mass scale is A, ¢; are
dimensionless coupling coefficients, and mass-dimension-five operators are neglected since
they are lepton-number-violating and strongly constrained by neutrino measurements [128].
The EFT assumes that the new-physics scale is above the mass scale directly accessible
to the measurement.

Assuming no flavour symmetries and no baryon-number-violating operators, there are
2499 independent operators in the Standard Model effective field theory (SMEFT). To reduce
the parameter space, the ‘top’ model assumes the first two quark generations are flavour-
symmetric. The coupling coefficients of this model have been constrained by prior ATLAS
global fits to measured observables [129]. The operators relevant to pp — 77 production are
four-fermion operators, operators with V77 interactions, and the four-lepton operator that
affects muon decay, since the muon lifetime is used to set the weak coupling Gp.
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The probed ‘top’ operators are shown in table 2. Four-fermion operators involving
b-quarks are not considered since the leptoquark and Z’-boson models map onto these
operators. Operators connecting a left-handed fermion to its right-handed counterpart lead
to cross-sections too small to be probed by this analysis. The coefficient defined as ¢, is a
linear combination of ‘top’ operators that contributes to the anomalous magnetic moment of
the 7-lepton, a,, and to the electric dipole moment d if ¢, is complex [130-133]:

2v/2m,v Re[c,]
e A2 7

where v is the Higgs field vacuum expectation value, e is the electron electric charge, m. is

Im[c,]

8d, = /2v Az

oa; =

the 7-lepton mass, and § indicates deviations from the Standard Model anomalous moments.
The corresponding coeflicient for Z77 interactions is defined as c;z. While the coefficients
are taken to be real in the event generation, constraints can nonetheless be inferred for
dd; (see section 6.5).

The scale A is assumed to be sufficiently high that the interference between the SMEFT
and SM diagrams dominates. Fits performed to individual coupling coefficients using this
interference as the signal are referred to as ‘linear’ fits since they depend linearly on the
coupling coefficients. As a check of the validity of the constraints, an additional fit is performed
including both the interference and the pure SMEFT contribution for each coefficient assuming
A = 1TeV. These fits are referred to as ‘linear plus quadratic’ fits. In the case of the operators
contributing to ¢, and crz, the interference is suppressed by m,/A and the dominant
contribution is from the pure-SMEFT quadratic term.

6.2 Leptoquark models

The Lagrangian terms relevant for non-resonant 77 production from t-channel vector
leptoquark (U) exchange are [114]:

AL = UM(BPa vl + BETrvuTr)/V2 + hec, (6.2)

where ,Bng and ﬁ}g’ are the couplings to the left-handed and right-handed fermion states,
respectively, ¢¢ is the left-handed quark doublet of generation 4, and E% is the third-generation
left-handed lepton doublet. For ¢ = 3, the dominant non-resonant diagrams consist of either
an initial bb pair or an initial state of a gluon and a b or b, where the gluon splits into a bb
pair (figure 7). A leptoquark is exchanged in the t-channel to produce a pair of 7-leptons.

The signal diagrams destructively interfere with the dominant SM process of Drell-Yan
production. For values of ,8237 R larger than one, there can be large cancellations between the
interference and the pure-BSM contribution. However, the two contributions have different
77 mass dependence, which can be exploited to improve sensitivity. The maximum sensitivity
to the process comes from events with one associated b-jet. For such events within a range
of visible mass of 100-250 GeV, interference contributes —34 + 4 events while pure-BSM
contributes 19 + 3 events for a leptoquark mass of 2TeV and (533)% = 10; in the mass
range 400-1000 GeV the contributions are —11 + 2 and 39 + 12 events, respectively, where
the uncertainties are statistical.

The signal samples are generated with MADGRAPH5__AMCQNLO, as described in
section 4. Events are generated using the SM process and subsequently reweighted to the
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Coupling coefficient Operator

Clq (lo*y"1)(qo'y"q)

cfy) (1) (@)

Clu (Iy™1) (@y*u)

Cld (1) (dn*d)

Cqr (Ty7)(av"q)

Cru (7o) (uyHu)

Crd (7y#7)(dy"d)

cu (") (ev*e)

) (H1i D H)(loiy1)

il (HB 1) (94)

CHr (H'i'D ,H)(7r)
CrWw (fa‘“’T)oiHWZW

CrB (Z_UWT)HBW

Crz (io“”T)aiH(cwaiWﬁy + swBuw)
Crry (l_O'le)O'iH(*Swo'iW‘iV + cwBuw)

Table 2. Coupling coefficients ¢; and corresponding SMEFT operators (91(6) used in this analysis.
The operator and coefficient notation follows the convention of the SMEFTSim 3.0 ‘top’ model, with
e replaced by 7 to explicitly indicate the probed lepton flavour. Right-handed states are labelled by
particle type, with u referring to an up or charm quark and d referring to a down or strange quark.
Left-handed states are labelled ¢ for the quark doublet of either of the first two generations and I,
1, or e for the 7-lepton, muon, or electron doublet. The cosine and sine of the Weinberg angle are
denoted cy and sy, respectively. The coupling coefficients are assumed to be real, and any necessary
Hermitian conjugates are implied.

o
il

o~
S

(a) (b)

Figure 7. The leading non-resonant diagrams for an initial state of (a) bb or (b) gb and a final state
of (a) 77 or (b) 77b.
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signal process for a variety of coupling and leptoquark-mass (mg) values. Other values are
obtained by interpolating according to the expected non-resonant scaling, o x (ﬂf' 3)2 / m%]
for interference and o o (5}:3 r)t/mi for the pure-BSM contribution. Weights are included
for the scenarios preferred by the B-hadron anomalies, ,6’}9’_33 = —B3 and B # 0, with
other couplings equal to zero. Additional weights correspond to scenarios of pure right-
handed couplings, 5%3 = 0, and left-handed couplings between second-generation quarks
and third-generation leptons, 323 # 0.
Scalar leptoquarks are also probed according to the Lagrangian [134]:

AL = \NGS17R + hec., (6.3)
R

where C' stands for charge conjugation and S; represents the leptoquark field. Signal samples
are generated in the same manner as for vector leptoquarks, i.e. reweighting the SM process
to that of scalar leptoquark exchange for a variety of mass values.

6.3 Z’ boson model

The Lagrangian terms relevant for 77 production from s-channel Z’ boson exchange via
bb annihilation are [114]:

AL = Z"™(C@ivud} + Cut RYutr + Cabrubr — 3Cel3uls — 3¢ TrYuTR)/(2V6),  (6.4)

where (; ((¢) and (4 ({;) are the couplings to third-generation left-handed and right-handed
quark (lepton) states, respectively. The interference between the Z’' boson diagram and SM 77
production is constructive. The signal is modelled using the same MADGRAPH5_ AMC@NLO
samples as for leptoquark production. Weights are included for the benchmark cases where
the Z’ boson couples universally to left-handed fermions ({; = {; # 0) or to right-handed
fermions (¢4 = ¢, # 0). Non-resonant production is ensured by reweighting to a Z’ boson
mass of 3 TeV and extrapolating to other mass points by approximating the propagator as
the inverse square of the mass.

6.4 Fit frameworks

The various models are fit either to the observed data yields using a profile likelihood fit, or
to the particle-level differential cross-section (figure 6) using a x? minimization.

The profile likelihood fit is performed using the yields in three bins of b-jet multiplicity
(0, 1, > 2) and three bins of invariant mass of the ThaqThad system (100-250, 250400, and
400-1000 GeV). The bins are chosen to give the optimal sensitivity given the Monte Carlo
statistical uncertainty of the signal sample. The parameter of interest is the square of the
coupling tested in the model. Systematic uncertainties are included as nuisance parameters
with Gaussian constraint terms in the likelihood function. The normalizations of the Drell-Yan
and tt processes are freely floated in the fit, and are largely constrained by events with b-jet
multiplicities of 0 and > 2, respectively.

Systematic uncertainties are fully correlated across the bins, with two exceptions.
The generator modelling uncertainty in the Drell-Yan process is uncorrelated across b-jet
multiplicity since the underlying source of uncertainty is expected to differ for each multiplicity
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value. The misreconstructed m,,q background uncertainty is also uncorrelated across b-jet
multiplicity since separate data sets are used in the extrapolation from low values to high
values of the RNN discriminant in the background estimation.

The likelihood fit uses the pyhf [135] framework, which finds the shape of the likelihood
function around the maximum. The cabinetry [136] toolkit is used to set up the fit and
provide information on nuisance parameter impacts, pulls, and correlations. Exclusion limits
are determined using a modified CLs technique [137, 138] with the profile-likelihood ratio as
the test statistic, using the asymptotic approximation [139]. The fit model is constructed such
that the parameter of interest scales linearly with the interference term and quadratically
with the pure-BSM term.

The x? fit is only performed for the SMEFT operator coefficients, which affect inclusive
Drell-Yan production. The x? is evaluated as described in section 5.3, with the addition of
a signal term depending upon the SMEFT coupling and the inclusion of the corresponding
signal uncertainties in the covariance matrix. The best-fit coupling is evaluated, and the
likelihood ratio with respect to the likelihood at this value is used to evaluate a confidence level
(CL) as a function of coupling. The general procedure is as described in detail in ref. [140]3.

6.5 Results

Figure 8 compares the m, ., data distribution to the result of the SM-only fit and its sum
with the my,q = 2.5 TeV leptoquark signal model with a coupling value of 6%3 / V2 = 2.5 that
is excluded by this measurement at the 95% CL. The difference between the SM and the
data is less than one standard deviation in each bin of b-jet multiplicity. The fit gives overall
multiplicative normalization factors of 0.88 & 0.07 and 0.80 & 0.10 for the Drell-Yan and tt
processes, respectively. The leading uncertainties are the Drell-Yan modelling uncertainties
in events with one b-jet, and the ¢t normalization and modelling uncertainties. These are
followed by the MC statistical uncertainties in the bin with the highest mn,_ ., in 1b events.

The results of the likelihood fits for individual SMEFT coefficients are given in table 3;
fits to the interference-only signal (‘linear’), as well as fits using both the interference and
BSM terms (‘linear 4+ quad.’), are shown. The interference term dominates the sensitivity to
all coefficients except c¢-p, c;w, ¢z, and c;, for which this term is suppressed and the BSM
term dominates. The best-fit value and 68% confidence interval are given for each coefficient
at a scale of 1TeV. In the linear case the coefficient values scale as ¢(A) = cA?/TeV2, so
four-fermion interactions constrain scales up to about 5 TeV for unit coefficients. Constraints
on effective Z(/)77 interactions are weaker, constraining the scale to more than 1TeV for
unit coefficients. These uncertainties and constraints are illustrated in figure 9. Results of
the x? fit to the particle-level differential cross-section are consistent with the detector-level
fits and in general exhibit better constraining power than the detector-level fits for couplings

vis

that do not enhance b-production, due to the finer binning in mY?*.

As discussed in section 6.1, c;~ affects the T-lepton anomalous magnetic moment. Previous
LHC constraints on a, [143-145] can be interpreted as constraints on ¢, using the EFT
assumption that no new physics appears at a low mass scale. Figure 10 compares the results

31n the previous versions of CONTUR [140, 141], no signal fit was performed. The current version, Contur 3.1,
uses SPEY [142] to obtain the best-fit signal.

,17,



T T

> " " " > " " " - " "
8 10t} ATLAS B Drell-Yan -» 1T ] 8 ATLAS /3 tt
Z \/_.= 13 TeV, 140 fb! [ Misreconstructed Thaq = 107 ¢ \/_.= 13 TeV, 140 fb! mmm Drell-Yan - TT E
9 103} Ob-ets EEE Others p 0 1b-jet I Misreconstructed Thag
c - c
2 102l = ] g 10tk EE Single top 1
w I Single top ] Il Others

10t | Uncertainty 4 100} Uncertainty 4

¢ Data ¢ Data
100 4
107!
10*1 o
1072

1072 4

110l SM + interference  BF3/V2=25,my=25Tev | 300 SM + interference  B*/V2=25,my=25Tev |
s | e SM + pure-BSM s -+ SM + pure-BSM
n n 25 1

—— Total —— Total
o 105 1 o
je) e S0l ]
o l i ke
1,00 g L....: B st ]
o T [ [ 2 | e
1.0 b purguasad Py #
0.95p I I I I I | I I 1 L 1
200 400 600 800 1000 200 400 600 800 1000
mThadThad [GEV] mThadThad [GGV]

T T

> —
8 10°F  ATLAS 0/ tt 3
< 10°f Vs =13TeV, 140 fb~ =3 Misreconstructed Thag |
42 = 2b-jets Em Drell-Yan - 1T
g 101 ¢ Em Single top E
Wl EEl Others ]
Uncertainty

1071 F ¢ Data 4

1072 hd

1073

104

1.75}F SM + interference 33/\/2 =2.5, my=2.5TeV |
s | SM + pure-BSM ]
0 I0r _ potal
2 108l | ....................................................... |
o
— A ...... i ......
E 1.00 ’ '

[ ]
0.75} ]
200 200 600 800 1000

mThad Thad [GEV]

Figure 8. The background-only post-fit ThaqThad visible invariant mass in events with (a) zero b-jets,
(b) one b-jet, or (c) at least two b-jets. Shown are the data and the individual SM backgrounds, along
with the ratio of the data to the SM. Also shown are the ratios of the sum of the SM prediction and either
the interference, pure-BSM, or total signal to the SM prediction, for the case 332/ V2 = 2.5 and a vector
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Coefficient  fit result (linear) fit result (linear + quad.)

e —0.002+9:918 —0.002+9:918
o 0017938 0018
Clu —0.05792 —0.057025
cu —0.0210:2 —0.02102!
Cor 0.01007 0.0175:9%
Cru 0.014063 0.01+004
Crd 0.0755:33 0.07523
o) ~1150] ~1.0%1
o 0.750% 0.750%
) —1.7t1¢ —1.5%1¢
CHT 675 0.7124
crw 15112 0.0194
e 30730 —-0.24}8
Crz 2015 0.0%5:3
Cry —17% —0.1759

Table 3. Central values and 68% confidence intervals from the individual coupling coefficient fits
when using the contribution linear in the coupling or using the linear and quadratic contributions. In
the likelihood fits the scale is set to A = 1TeV so the values from the linear fit have the dependence
c(A) = cA?/TeV2.

of these measurements to that obtained from a x? fit to the particle-level differential cross-
section for 77 production. The confidence interval from this measurement is about a factor
of seven smaller than the ATLAS measurement in ultra-peripheral lead-lead collisions [143],
and competitive with the CMS analysis of 4y — 77 events in pp collisions [144].

The ¢~ value of —0.40Jj8:gi from the x? fit can be translated into an a, of —0.51%:8 x 1073
with a 95% confidence interval of [—2.4,4.7] x 1072 using the relation in section 6.1 and adding
the SM value a, = 1.178 x 10~3; however, since a, is defined for on-shell photons (¢* = 0)
and this analysis relies on off-shell photon exchange, the interpretation should formally be
restricted to the EFT parameter c;,. Nonetheless, one can apply the EFT assumption of no
new physics at a low scale and further infer d, from a x? fit for ¢r using the pure-SMEFT
contribution of the corresponding operator. This contribution has the same dependence
on the real and imaginary components of c;, when it is complex, and there is negligible
interference between the SM and Im|c,-]|-dependent matrix elements. The resulting fit value
and 95% confidence interval are O.9f(1]:g x 107 ecm and [—2.0,2.0] x 10~17e cm, respectively.

No evidence of a signal is observed and limits are set on leptoquark and Z’-boson
couplings as functions of their masses. For the leptoquark coupling scenarios preferred by
the B-hadron anomalies the limits exclude a small portion of the preferred coupling-mass
plane (figure 11). Constraints are also set on the vector leptoquark couplings 5;’{3 and (73,
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a b quark. Shown are the observed (solid line) and expected limits (dashed line), along with the
expected 68% (inner green band) and 95% (outer yellow band) confidence intervals, and the region
preferred by measurements of B-hadron decays (shaded). Leptoquarks (a) coupling exclusively to
left-handed fermions and (b) coupling to left-handed and right-handed fermions with equal magnitude
and opposite sign are shown.

on the scalar leptoquark coupling A, and on the Z’-boson coupling combinations /(,(; and
V/GpCr, all shown in figure 12. The limits improve on previous constraints from ATLAS [37],
and on those from CMS [38]. The CMS search for leptoquarks observed a local excess
of 2.8 standard deviations that is most prominent for the non-resonant signal. In events
without a b-jet CMS obtains a local significance between 3.4 and 3.7 standard deviations
for the scalar and vector leptoquark models, using a benchmark leptoquark mass of 2 TeV
and coupling equal to 2.5. This analysis excludes these benchmark parameter values for
scalar and vector leptoquark models.

— 21 —



Leptoquark mass [TeV]

(] L B | LA L L B B R | (O] 1 2 T T T L I B B B B |
S r - b S + 4
(_U r  ATLAS = = = Expected limit B (_U L ATLAS = Expected limit i
> L {s=13Tev, 140 15" ~ Observed limit ] > Vs =13 TeV, 140 fi' Observed limit b
8.’ [ Leptoquark models —— Vector LQ (13;/5) ] 8’ 1 0 j Z' models —@— Lefthanded coupling (\[2, ¢, ) i
= L 95% oL limits —&- VectorLQ (8°/12) ] S | 95% CL limits Right-handed coupling (|2, C,) |
S C —— Scalar LQ (A ) ] =] L 4
o — - [e] 8 — —
o - g (@] L J
n 7 4~ 7]
n 7 2 7]
C ‘ Ll L1 0 L ‘ Ll L]

1.5 2 2.5 3 1.5 2 2.5 3

Z' mass [TeV]

Figure 12. (a) Coupling limits as a function of mass of a vector (red and blue) or scalar (green)
leptoquark coupling to a 7-lepton and a b quark. Here the vector leptoquark couples to right-handed
fermions (blue) or to left-handed 7-leptons and second generation quarks (red). (b) The coupling limit
as a function of mass for the non-resonant production of a Z’ boson coupling to left-handed (dark
line) or right-handed (light line) fermions.

7 Conclusion

The first unfolded differential measurement of inclusive 77 production has been performed at
the LHC, using 140 fb~! of proton-proton collision data recorded with the ATLAS detector.
The measurement is consistent with the predictions of the Standard Model. In addition,
the data have been fit directly for a variety of new non-resonant interactions. Interactions
involving quarks of the first two generations are constrained using the SM effective field theory
with a symmetry assumed between these generations. Interactions between a 77 pair and a Z
boson or photon are also constrained. Two models with enhanced couplings to third-generation
fermions are constrained: those with a vector or scalar leptoquark, and those with a Z’ boson.

Of particular interest are vector leptoquarks coupling to third-generation fermions with
left-handed couplings or a left-minus-right-handed combination. Such couplings are preferred
by B-hadron measurements that show tension with SM predictions. Sensitivity to these
couplings is enhanced by separating the data by b-jet multiplicity, since the most sensitive
final state contains one additional b-jet. The combination of interference and leptoquark-only
couplings are included for the first time in this final state. The resulting constraints remove
a small portion of the region preferred by the B-hadron measurements.
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