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Several processes studied by the ATLAS experiment at the Large Hadron Collider produce
low-momentum b-flavored hadrons in the final state. This paper describes the calibration of
a dedicated tagging algorithm that identifies b-flavored hadrons outside of hadronic jets by
reconstructing the soft secondary vertices originating from their decays. The calibration is
based on a proton—proton collision dataset at a center-of-mass energy of 13 TeV corresponding
to an integrated luminosity of 140 fb~!. Scale factors used to correct the algorithm’s
performance in simulated events are extracted for the b-tagging efficiency and the mistag rate
of the algorithm using a data sample enriched in ¢7 events. Several orthogonal measurement
regions are defined, binned as a function of the multiplicities of soft secondary vertices and
jets containing a b-flavored hadron in the event. The mistag rate scale factors are estimated
separately for events with low and high average number of interactions per bunch crossing.
The results, which are derived from events with low missing transverse momentum, are
successfully validated in a phase space characterized by high missing transverse momentum
and therefore are applicable to new physics searches carried out in either phase space regimes.
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1 Introduction

The accurate reconstruction and identification of particles traversing the ATLAS detector is a fundamental
aspect of the experiment’s successful physics program. This includes the identification of jets that contain
a b-flavored hadron (B-hadron in the following), referred to as b-jets, which is crucial for enabling precise
measurements and discoveries of processes involving heavy particles that decay into b-quarks. The
distinctive decay patterns and long lifetimes of B-hadrons, as well as the fragmentation properties of
b-quarks, provide a powerful handle for distinguishing b-jets from jets originating from lighter quarks
or gluons. The ATLAS Collaboration has developed various algorithms to identify b-jets, referred to
as b-tagging algorithms [1-3], which are essential for analyzing the data recorded at the Large Hadron
Collider (LHC).

The use of jets as a starting point for b-tagging imposes constraints on the energy of both the B-hadron and
the surrounding hadronic activity. Standard b-tagging techniques in ATLAS are applicable to jets with
transverse momenta (pT) of at least 20 GeV. However, many scenarios beyond the Standard Model (SM)
predict final states with B-hadrons at lower pr, such that their identification would greatly improve the
associated analysis sensitivity.

One class of processes that could give rise to low-pt B-hadrons is the production of the supersymmetric
(SUSY) partners of third generation quarks (top and bottom squarks). In particular, compressed SUSY
scenarios [4-9], where either the top or the bottom squark is nearly mass-degenerate with the lightest
SUSY particle, are favored in scenarios of electroweak baryogenesis. The low pt of the squark decay
products makes such scenarios difficult to separate from background. The pt spectrum of the final state
particles in such events may peak as low as 4 GeV depending on the mass compression.

Other examples of searches for physics beyond the SM that may benefit from low-pt B-hadron identification
are searches for exotic decays of the Higgs boson [10] into new light pseudoscalar particles. Such processes
can involve the production of up to six b-quarks in the final state [11]. Depending on the relative mass
difference between the new pseudoscalar states and the Higgs boson, the pt spectrum of the lowest-pt
b-quarks can peak as low as 10 GeV. The ability to identify such low-pt b-quarks is crucial for the analysis
performance in discriminating the signal from the SM background.

The ATLAS Collaboration has developed algorithms tagging low-pt B-hadrons arising in compressed
bottom squark [12] and top squark [13] searches, with b-quarks in the final state. The CMS Collaboration
has also successfully implemented similar techniques in the context of compressed-SUSY scenarios [14].
This paper focuses on the calibration of the Track-Cluster-based Low-pt Vertex Tagger (TC-LVT). This
algorithm is based on the reconstruction of secondary vertices outside of jets identified by traditional
clustering algorithms and targets the reconstruction of B-hadrons with pt between 5 and 20 GeV.

A data sample containing predominantly top-antitop-quark (¢7) events is selected, where both top quarks
decay into a W boson and a b-quark, followed by a subsequent decay of each W boson into either an
electron or a muon and a neutrino.

This paper is organized as follows. In Section 2 the ATLAS detector is described. The data and simulated
samples used in the calibration are described in Section 3. Section 4 summarizes the reconstruction
of tracks, electrons, muons and jets, followed by a description of the TC-LVT algorithm in Section 5.
Section 6 describes the event selection and calibration method, systematic uncertainties and results. The
conclusions are given in Section 7.



2 The ATLAS detector

The ATLAS detector [15] at the LHC covers nearly the entire solid angle around the collision point.' Tt
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic
and hadronic calorimeters, and a muon spectrometer incorporating three large superconducting air-core
toroidal magnets.

The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |n7| < 2.5. The high-granularity silicon pixel detector covers the vertex region and
typically provides four measurements per track, the first hit generally being in the insertable B-layer (IBL)
installed before Run 2 [16, 17]. It is followed by the SemiConductor Tracker (SCT), which usually provides
eight measurements per track. These silicon detectors are complemented by the transition radiation tracker
(TRT), which enables radially extended track reconstruction up to || = 2.0. The TRT also provides
electron identification information based on the fraction of hits (typically 30 in total) above a higher
energy-deposit threshold corresponding to transition radiation.

The calorimeter system covers the pseudorapidity range || < 4.9. Within the region || < 3.2,
electromagnetic calorimetry is provided by barrel and endcap high-granularity lead/liquid-argon (LAr)
calorimeters, with an additional thin LAr presampler covering |r7| < 1.8 to correct for energy loss in material
upstream of the calorimeters. Hadronic calorimetry is provided by the steel/scintillator-tile calorimeter,
segmented into three barrel structures within || < 1.7, and two copper/LAr hadronic endcap calorimeters.
The solid angle coverage is completed with forward copper/LAr and tungsten/LAr calorimeter modules
optimised for electromagnetic and hadronic energy measurements respectively.

The muon spectrometer (MS) comprises separate trigger and high-precision tracking chambers measuring
the deflection of muons in a magnetic field generated by the superconducting air-core toroidal magnets.
The field integral of the toroids ranges between 2.0 and 6.0 T m across most of the detector. Three layers
of precision chambers, each consisting of layers of monitored drift tubes, cover the region || < 2.7,
complemented by cathode-strip chambers in the forward region, where the background is highest. The
muon trigger system covers the range || < 2.4 with resistive-plate chambers in the barrel, and thin-gap
chambers in the endcap regions.

The luminosity is measured mainly by the LUCID-2 [18] detector that records Cherenkov light produced
in the quartz windows of photomultipliers located close to the beampipe.

Events are selected by the first-level trigger system implemented in custom hardware, followed by selections
made by algorithms implemented in software in the high-level trigger [19]. The first-level trigger accepts
events from the 40 MHz bunch crossings at a rate below 100 kHz, which the high-level trigger further
reduces in order to record complete events to disk at about 1 kHz.

A software suite [20] 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.

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the center 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 7 = — Intan(#/2). Angular distance is measured in units of AR = v/(An)2 + (A¢)2.



3 Data and simulated event samples

The results presented in this paper are based on data collected by the ATLAS experiment between 2015
and 2018 during Run 2 of the LHC. The dataset corresponds to an integrated luminosity of 140 fb~! [18,
21] of pp collisions at a center-of-mass energy of 13 TeV. Events were selected at trigger level based on
the presence of at least one electron [22] or muon [23]. These single-lepton triggers were configured with
pr thresholds ranging from 20 to 26 GeV, depending on the lepton flavor and data-taking period. Every
detector subsystem must have been in operation during data collection. Moreover, stringent data quality
criteria were applied to ensure the reliability of the data [24].

Simulated samples of SM processes are based on Monte Carlo (MC) techniques, and the main contributing
samples are described in the following. All simulated samples are processed through the ATLAS simulation
infrastructure [25] including a detailed model of the ATLAS detector based on GEaNT4 [26].

The effect of multiple interactions in the same and neighboring bunch crossings (pileup) are modeled by
overlaying the simulated hard-scattering event with inelastic pp events generated with Pyta1A 8.186 [27]
using the NNPDF2.3L.O [28] set of parton distribution functions (PDF) and the A3 set of tuned parame-
ters [29]. The MC events are weighted to reproduce the distribution of the average number of interactions
per bunch crossing (u) observed in the data, where the u value in data is rescaled by a factor of 1.03 + 0.04
to improve agreement between data and simulation in the visible inelastic proton—proton cross-section [30].
A further correction to the distribution is derived in the sample selected by this analysis such that the u
distribution in simulated events matches the one in data for the calibration measurement.

The analysis presented in this paper is designed to select ¢7 events where each of the top quarks decays
leptonically, hence the modeling of this SM process is particularly important. A suite of MC samples
with different accuracy in the matrix element (ME) and different models for the parton shower (PS) are
used for the #f process. The baseline ¢7 simulated sample was produced using the PownecBox [31] v2
generator with a ME at next-to-leading order (NLO) in quantum chromodynamics (QCD) in the five flavor
scheme (5FS), and interfaced to PyTHia 8.230 [32] with the A14 set of tuned parameters [33] to model
PS, hadronization, and the underlying event. The PDF sets NNPDF3.0NNLO and NNPDF2.3LO [28,
34] were used in the ME-PS matching, respectively. The hgamp parameter, which controls the matching
in PowHEeG and effectively regulates the high-p radiation against which the 77 system recoils, was set to
1.5m, [35]. The functional form of the renormalization and factorization scales was set to the default scale

(‘/mf +p%’t).

Alternative ¢f simulation samples were generated using PownecBox v2 interfaced to HErwiG7.04 [36] with
the H7-UE-MMHT set of tuned parameters. Uncertainties related to initial- and final-state radiation (ISR,
FSR) are estimated by reweighting the baseline 77 events such that initial (final) parton shower radiation [35]
is increased or reduced and by using an alternative PowHeGBox v2 + PyThia 8.230 sample with Agamp set
to 3m, and the parameter variation group VAR3 (described in Ref. [35]) increased, leading to increased
ISR.

Samples with ¢7 + bb MEs were produced at NLO QCD accuracy with the Powngc Box Res [37] generator
and OpenLoops [38—40], using a pre-release of the implementation of this process in PowHEG Box REs
provided by the authors [41], with the NNPDF3.0NLO nf4 [34] PDF set. It was interfaced with
PyTHia 8.240 [32], using the A14 set of tuned parameters [33] and the NNPDF2.3LO PDF set. The
four-flavor scheme was used with the b-quark mass set to 4.95GeV. The factorization scale was set

to 0.5 x Zi:t,;’b’g,jmm, the renormalization scale was set to (‘/mT,, “mT7 - M1 - My 5, and the hgamp



parameter was set to 0.5 X X,_, ; , ;m ;. Events containing two B-hadrons produced in the decay of the
two top quarks and either one or two additional B-hadrons with pt > 5 GeV and matched to a particle
jet are vetoed in the nominal ¢7 sample and taken from the 7 + bb sample. Events with an additional
c-flavored hadron with pt > 5 GeV and matched to a particle jet undergo the same procedure.

Additional processes entering the analysis selection arise from the production of a single top quark, either
through the associated production with a W boson (¢W) or in #-channel and s-channel production. These
contributions were modeled by the PowHEGBox v2 [42-44] generator with ME at NLO. For ¢-channel
production, events were generated in the four flavor scheme with the NNPDF3.0NLO nf4 PDF set, and

the functional form of the renormalization and factorization scale was set to /mf7 + p?r ,, following the

recommendation of Ref. [42]. For s-channel and W production, events were generated in the five flavor
scheme with the NNPDF3.0NLO PDF set, and the functional form of the renormalization and factorization
scale was set to the default scale, which is equal to the top-quark mass. For tW production, the diagram
removal scheme [45] was employed to treat the interference with ¢7 production [35]. To evaluate the impact
of the PS and hadronization model, the same events produced for the nominal PowHEGBox+PyTH1AS
samples were used, but they were showered with HErwic7.04. To assess the uncertainty due to the
choice of the matching scheme, the nominal samples are compared with samples generated with the
MabpGraPHS_aAMC@NLO v2.6.2 [46] generator at NLO in QCD, in the four flavor scheme for 7-channel
production, and the five flavor scheme for s-channel and tW production. For #-channel production
(respectively s-channel, tW production), the NNPDF3.0NLO PDF set is used.

To evaluate the effect of employing the diagram subtraction scheme instead of the diagram removal
scheme [44, 45] for tW events, alternative samples were produced, where the diagram subtraction scheme
was used. All single-top-quark samples were showered with Pytnia 8.230, unless otherwise stated for
studies assessing systematic uncertainties.

Additional small contributions are expected from Z +jets processes, which were modeled with the
SHERPA 2.2.1 [47] generator providing NLO MEs for up to two partons in addition to the Z boson and
leading-order (LO) MEs for up to four partons calculated with the Comix [48] and OpenNLoops libraries.
These samples were matched with the SHERPA parton shower [49] using the MEPS @ NLO prescription [50-
53]. The NNPDF3.0NNLO set of PDFs [34] was used.

Several rare processes such as ¢tV (where V is either a W or Z boson), t7H, four-top-quark production and
V'V are considered as well, however, they have a negligible contribution in the phase space considered.

The EvTGenN 1.6.0 program [54] was employed to simulate the decay of b- and c-flavored hadrons in all
samples except those generated using SHERPA, for which the default configuration recommended by the
SHERPA authors was used.

4 Object reconstruction

Tracks are reconstructed from hits inside the inner tracking detector [55, 56]. In addition to acceptance
criteria of || < 2.5 and pt > 500 MeV, the tracks must satisfy a set of quality criteria defined by the
Loose working point in Ref [55]. Tracks should have at least seven hits in the silicon detectors with no
more than one detector module shared with other tracks, no more than one missing hit in the pixel detector,
and no more than two missing hits in the SCT detector. Events are required to contain at least one vertex
with two or more associated tracks, and the vertex with the highest p?r sum of the associated tracks is taken



as the primary vertex (PV) [57]. Transverse and longitudinal impact parameters, dy and zo, are used to
identify tracks that originate at a certain displacement from the PV (e.g. B-hadron decay products). The
transverse impact parameter, dy, is the point of closest approach to the measured beam line position; and zg,
required to satisfy |zg sin 6] < 3 mm, is the difference between the longitudinal position of the track along
the beam line at the point where dj is measured and the longitudinal position of the primary vertex [58].
The latter requirement reduces the contamination from pileup, secondary and fake tracks. The collection of
tracks satisfying the criteria stated above is used as input to the TC-LVT tagger for the reconstruction of
soft secondary vertex (SSV) candidates. The complete set of requirements for tracks used for standard
high-pt b-tagging algorithms are described in Ref. [3].

Electron candidates are reconstructed from energy deposits (clusters) in the electromagnetic calorimeter
associated with reconstructed tracks in the inner detector [59]. Candidates that satisfy pt > 10 GeV and
|n| < 2.47 are selected, excluding the calorimeter transition region 1.37 < |p| < 1.52. Electrons must
satisfy the Tight likelihood-based identification criterion and are required to satisfy the criteria of the
PLVLoose working point of the ‘Prompt Lepton Tagger’ [60], a multivariate isolation discriminant used to
reject non-prompt leptons from heavy-flavor decays. They are further required to have |zg sin 8| < 0.5 mm
and |dp/o (dp)| < 5, where the longitudinal and transverse impact parameters dy and zy are computed
relative to the primary vertex and o(dp) is the resolution of the track transverse impact parameter dy. It is
computed using an iterative Gaussian fit performed on the core of the impact parameter distribution [61].

Muon candidates are reconstructed from track segments in the various layers of the muon spectrometer,
and matched with tracks from the inner detector [62]. The final muon candidates are refitted using the
complete track information from both detector systems, and required to satisfy pt > 10 GeV and |n| < 2.5.
Muons are required to satisfy the Medium quality requirements and to satisfy the isolation criteria of the
PLVLoose working point of the Prompt Lepton Tagger. The absolute value of the muon dj significance
must be less than 3, and the value of |z sin 8] must be less than 0.5 mm.

Jets are reconstructed by clustering particle-flow objects [63] with the anti-k, algorithm [64, 65] with a
radius parameter of R = 0.4 and a four-momentum recombination scheme. The jet energy is corrected to
the particle level by the application of a jet energy scale calibration derived from pp collision data and
simulation at /s = 13 TeV [66]. Baseline jets are required to have pr > 20 GeV and || < 2.5. They are
also required to satisfy a Tight pileup rejection criterion based on the jet vertex tagger (JVT) score [67]: for
jet pt € [20,60] GeV and || < 2.4, the JVT score must be higher than 0.5.

The identification of b-jets with pt > 20 GeV is done using the DL1r algorithm [3], a high-level tagger
based on a deep neural network (NN). The NN is trained on simulated ¢7 and Z’ events and uses the results
of specialized low-level taggers, based on track impact parameters, secondary vertices and decay topologies,
to obtain the probability for each jet to be a b-, c- or light-jet. In this measurement the 85% working point
is used, corresponding to an 85% efficiency to correctly tag a b-jet in simulated 77 events.

To avoid double counting of the objects used in the analysis, special care is taken to remove any potential
overlap. This procedure is based on two object distances defined by AR, = +/(Ay)? + (A¢)?, where y is
the rapidity and ¢ the azimuthal angle of each object. The removal is carried out systematically starting
with electrons, where the closest jet within AR, = 0.2 of a selected electron is removed. If the nearest
jet surviving that selection is within AR, = 0.4 of the electron, the electron is discarded. Muons are
removed if they are separated from the nearest jet by AR, < 0.4, which reduces the background from
heavy-flavor decays inside jets. However, the muon is kept and the jet removed instead, if fewer than three
tracks are associated with the jet. This criterion avoids inefficiency for the selection of high-energy muons
undergoing significant energy loss in the calorimeter.



The missing transverse momentum, with magnitude ErT“iSS, is defined as the negative vector sum of the
transverse momenta of all selected and calibrated electrons, muons and jets in the event, with an extra term
added to account for energy in the event that is not associated with any of these objects [68].

5 Soft secondary vertex algorithm definition and performance

5.1 TC-LVT algorithm description

The TC-LVT algorithm is based on vertexing techniques first developed in the context of standard b-tagging,
which are retuned and applied outside hadronic jets. It aims to identify B-hadrons outside hadronic jets by
reconstructing displaced secondary vertices. The key ingredients of the algorithm are seed tracks, cluster
tracks (which are inputs to track clusters in the following) and reconstructed vertices as defined by the
selection criteria summarized in Table 1. These criteria define the Loose working point and were optimized
to maximize the efficiency of the algorithm.

As a first step a set of seed tracks is extracted. The seed tracks are characterized by a high transverse
momentum of pr > 1.5 GeV and |dy/o(dp)| > 0.5. Tracks that are also matched to a track-jet [69] with
pt > 20 GeV are not considered. The list of seed tracks is ordered in decreasing pt. Clusters of tracks are
built around these seed tracks by adding additional high-displacement tracks (|dg/o (dp)| > 1.5) within an
angular distance to the seed track of AR;@%‘ < 0.75 and within a track-to-track distance of closest approach

d;re‘zcdk < 0.25mm. Once tracks are associated with a cluster, they are not considered further for other

clusters.

The next step of the algorithm is the vertexing process, which is accomplished using the Single Secondary
Vertex Finding (SSVF) algorithm [70]. For clarity, in the following the main features of this algorithm are
described and the reader is refered to Ref. [70] for details. For each identified cluster, the SSVF algorithm
is executed on all tracks within AR = 0.4 from the vector sum of the momenta of all tracks associated
with the cluster. First, all the possible pairs of tracks originating from nearby points are combined into
two-track vertices. Further requirements are applied to the two-track vertices to reduce the number of
fake vertices and material interactions. For example, the tracks associated with the vertex must not have
any hits in detector layers at a radius smaller than that of the vertex itself. Two-track vertices located in
regions of the detector with large amounts of material are eliminated according to the procedure described
in Ref. [70]. Two-track vertices with invariant masses consistent with Kg and A° decays are identified,
and the corresponding tracks are removed if the impact parameter of the reconstructed pair is consistent
with the primary vertex. Similarly, two-track vertices with invariant masses below 40 MeV under the e*e™
hypothesis are excluded to reject photon conversions. Finally, all tracks contributing to the cleaned set of
two-track vertices are combined into one list of selected tracks. This track list is supplied to the vertex
fitter.

The vertex fitter runs iteratively on all the tracks in the list, trying to fit one secondary vertex from all
these tracks. In each iteration the track with the largest y2(track, vertex) of the track-vertex association is
removed and the vertex fit is repeated until an acceptable vertex )(z(vertex) is found. The mass my of
the vertex is defined as the invariant mass of the four-vector sum of the constituent tracks and required
to be above 600 MeV and below 6 GeV. The higher threshold is chosen to reject random track crossings
while maximizing efficiency for true B-hadron vertices. The lower threshold is optimized to reject the



most common light-flavored long-lived hadrons. For similar reasons, the p1™* of the reconstructed vertex is

defined as the pt of the four-vector sum of the constituent tracks, and required to be above 3 GeV.

Table 1: Selection criteria applied to the objects in the vertex reconstruction of the TC-LVT algorithm.

Seed track Cluster tracks Vertex
|do/o(dp)| > 0.5 |do/o(do)| > 1.5 600 MeV < myx < 6 GeV
pr > 1.5 GeV AR™ < 0.75 py* >3 GeV

d™ < 0.25 mm

As a last step, if two vertices are found they are merged if their angular distance AR < 0.3. This occurs
rarely but helps the treatment of secondary or tertiary decays in the same hadron decay chain. The
four-vectors of the merged vertices are added and the resulting vertex retains the parameter values, e.g. Lyy
(the displacement in the transverse plane of the secondary vertex relative to the primary vertex) or L34 (the
significance of the 3D distance relative to the primary vertex), of the merged vertex with smallest Lyy.

Objects identified with the TC-LVT algorithm, henceforth referred to as soft secondary vertices or SSVs,
are removed if they are within AR < 0.2 of a reconstructed lepton or within AR < 0.6 of a reconstructed
jet.

5.2 TC-LVT algorithm performance

The performance of the TC-LVT algorithm is investigated using the full set of samples described in
Section 3 and applying the event selection described in Section 6.1. The parameters used in this study
are:

* &gy probability that a true SSV is identified by the TC-LVT tagger, and

* ny: expected average number of fake SSVs per event.

The Loose working point of the TC-LVT algorithm (see Table 1) is used, which is designed to maximize
the efficiency of the algorithm while achieving the lowest possible fake rate. The classification of true and
fake SSVs is done based on a cone-matching requirement between the reconstructed SSV and a simulated
B-hadron in acceptance. A B-hadron is considered to be in acceptance if it meets the criteria of pt > 2 GeV,
7| < 2.8, and ARnin (B, jet) > 0.3, where the latter ensures that the B-hadron is located outside of any
reconstructed jet. These acceptance requirements are driven by the ATLAS tracking detector geometry and
the typical jet distance parameters used in the jet reconstruction. SSVs fulfilling AR(B, SSV) < 0.3 are
considered true SSVs, and their event multiplicity is indicated by Nsgy. Unmatched SSVs are considered
fake SSVs. SSVs matched to a c-flavored hadron in acceptance are also categorized as true SSVs, as long
as the c-flavored hadron is separated from any B-hadron in acceptance by AR > 0.3. Events of this kind
represent a minor contribution in the total calibration sample.

Figure 1(a) shows the TC-LVT efficiency to reconstruct true SSVs as a function of the generator-level
(‘truth’) hadron pt. The efficiency first increases as a function of B-hadron pt as the displacement of
secondary vertices also increases. The turnover at about 15 GeV is due to the fact that a B-hadron of
such pr is more likely to be reconstructed as a jet instead. Figure 1(b) shows the TC-LVT efficiency to
reconstruct a true SSV as a function of the average number of interactions per bunch crossing (). While
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Figure 1: TC-LVT efficiency to reconstruct true SSVs as a function of (a) truth hadron pt and (b) average number of
interactions per bunch crossing, u. (c) Average number of fake SSVs per event, n ¢, as a function of x. A B-hadron is
considered to be in acceptance if it meets the criteria of pt > 2 GeV, || < 2.8, and ARy (B, jet) > 0.3, where the
latter ensures that the B-hadron is located outside of any reconstructed jet. SSVs matched to a c-flavored hadron in
acceptance are also categorized as true SSVs, as long as the c-flavored hadrons is separated from any B-hadron in
acceptance by AR > 0.3. The performance is evaluated on all SM processes. Events are selected in a phase space
enriched with di-leptonic ¢ events (see Section 6.1 for details).

the TC-LVT efficiency is rather independent of u, Figure 1(c) shows that the average number of fake SSVs
per event (ny) is increasing with y. This trend is expected from the fact that most of the fake SSV's originate
from random track crossings. The fake rate calibration is therefore carried out in two distinct y regions.

6 Calibration of the soft secondary vertex tagger

6.1 Measurement strategy

To account for the difference of the TC-LVT performance in data with respect to the MC simulation,
correction scale factors (SFs) are estimated by performing the calibration procedure following the strategy
described in this section. The calibration is carried out in a sample enriched in ¢f events, which overall is
characterized by low to medium E%liss. Three SFs are extracted, as parameters of interest (POIs), with a



simultaneous likelihood fit in multiple event categories (fit regions) enriched in true and fake SSVs. These
are the efficiency scale factor (SF.) 2 and two fake-rate scale factors (Snge, SFfa}ﬁe). To account for track
density effects on the fake rate (Figure 1(c)), two separate SFgy. parameters are determined from low and
high pileup data (uy., un), respectively. The applicability of these correction factors to simulated events

with high E‘T“iss, where many SUSY searches are carried out, is validated in dedicated regions.

Events are selected based on the expected topology of the t7 process, where both top quarks decay
leptonically. The events are required to contain exactly two leptons (¢, either electrons or muons) of
different flavor and opposite charge, where the leading pr lepton is required to have pr > 27 GeV and
the sub-leading lepton pr > 10 GeV. The invariant mass of the two leptons m¢, must be > 50 GeV.
Additionally, events are required to have at least one b-tagged jet with a pt > 20 GeV.

Events are further categorized based on the number of reconstructed b-jets, N,. Di-leptonic #f events
typically contain two true B-hadrons in the event, given that the branching ratio of top quarks decaying to a
W boson and a b-quark is nearly 100%. Separating ¢ events with either exactly one or two reconstructed
b-jets, for brevity referred to as 15 and 2b, provide regions that are enhanced in true and fake SSVs,
respectively. While ¢7 events dominate the 2b region with about 96% purity, the 15 region has a contribution
from single-top-quark processes of about 10%. However, the influence of non-#7 processes in the calibration
sample is negligible.

In the 1b region, one b-quark gives rise to a b-jet that is identified as such by the DL1r algorithm, while
the second b-quark, unless missed by the b-tagging algorithm, does not give rise to a b-jet. Instead, it
leads to a B-hadron that is reconstructed as a SSV. In the 2b region, the two b-quarks originating from the
top-quark decay are already reconstructed as b-jets. The region is therefore depleted in non-reconstructed
B-hadrons and most reconstructed SSVs in that region are fakes (except for events arising from #7 + heavy
flavor (HF)).

Events are further categorized by reconstructed SSV multiplicity, as well as into low pileup events by
requiring up, € [0,30) and high pileup events by requiring uyg € [30, 80], such that each region has a
similar number of events. The average u value of the events selected in the low pileup region is 22, while
the average u value in the high pileup region is 42. Events with u > 80 represent a negligible fraction of the
total number of events and are excluded from the fit regions. The region requiring two b-jets and two SSVs
exhibits a yield that is too low, and is therefore excluded from the fit. Only events with ETmiSS < 150 GeV
are retained for the calibration measurement regions.

For each calibration region with zero or one SSV, a validation region is defined satisfying the same event
selection criteria except for the E‘T]fliss requirement, which is reversed: E‘TIliss > 150 GeV. A validation
region with two SSVs is not defined since the event yield is too low. These regions validate the scale
factors in an independent sample and also aim to show that the calibration results can be used in the more
extreme phase space typical of many SUSY searches as well. Events with zero SSVs are used to constrain
the overall ## normalization and provide a better control over systematic uncertainties associated with the
modeling of the process. Among these, the 2b regions show the strongest constraining power due to their

: RPN . o high- Eiss
higher purity in 77 events. Two independent normalization factors (7 and p, ;g T ) are employed for the

calibration regions and the high—E‘TniSS validation regions to account for an imperfect modeling of the ¢7
process. The ‘0SSV 2b, high-EF"™*’ region is the only high-E?iSS region used in the fit. It is inclusive in

. . . high-E£miss . . . oo
pileup and it constrains only the u t;g T parameter. Hence it provides no constraints on the calibration

POIs. A summary of all the regions used in the calibration measurement is given in Table 2.

2 1t was verified that fitting two separate efficiency scale factors from the low and high pileup data would yield compatible results.
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Table 2: Summary of all the selections used for the calibration measurement and its validation. The requirement on
SSV multiplicity (Nssv), b-jet multiplicity (N} ), average number of interactions per bunch crossing (u) and ET"*
are indicated in the table. The last column indicates which parameters of the fit are constrained or validated by each
selection.

‘ Region label ‘ Nssv ‘ Ny ‘ u ‘ E%‘iss ‘ Purpose ‘
0SSV 2b, ur. 0 2 [0,30) | < 150 | constrain u,;
0SSV 2b, uy 0 2 | [30,80] | < 150 | constrain p,;
0SSV 2b, high-£is 0o | 2 - > 150 | constrain y" &

tf

1SSV 1b, 1. 1 1 [0,30) | <150 | constrain SFeg, SFi}
1SSV 1b, uy 1 1 [30,80] | < 150 | constrain SF.g, SF';;?(G
1SSV 1b, uy., high-Emiss 1 1 [0,30) | = 150 | validate SF.g, Snge
1SSV 1b, py, high-gmiss 1 1 [30,80] | > 150 | validate SF.g, SF}'Z:]{(e
1SSV 2b, u1. 1 2 [0,30) | <150 | constrain SFeg, SFL}
1SSV 2b, uy 1 2 [30,80] | < 150 | constrain SF.g, SF';:l I]*(e
1SSV 2b, py, high-gmiss 1 2 [0,30) | = 150 | validate SF.g, Snge
1SSV 2b, uy, high-£riss 1 2 [30,80] | > 150 | validate SF.g, SFI'%I]{(e
2SSV 1b, w1 2 1 [0,30) | <150 | constrain SFeg, SFi;
2SSV 1b, uy 2 1 [30,80] | < 150 | constrain SF.g, SF’E’:;e

In each fit region, simulated events are split according to the number of true SSVs and the number of
non-reconstructed B-hadrons in acceptance, i.e. B-hadrons not matched to a SSV reconstructed by the
TC-LVT and therefore represent missed SSVs. Each simulated event acquires a weight composed of
a tagging efficiency correction (P°), a tagging inefficiency correction (P"M) and a fake global event
correction (P, These corrections are a function of the number of true and missed SSVs, Nyue and
Nmiss respectively, the efficiency in simulation, esgy, the expected number of fake SSVs per event from
simulation n s and the SF POIs as stated in Eq. (1):

W(/Vtrue, MNmiss NSSV) = peﬁ“ X Pmeff X Pfake

N Noni .
true miss _ . P Nssv _ N " SF . , N
_ l—[SFeﬁ' o l—[ 1 — SFefr - £55v(Np) o l_l oiss ( . truel SFrake (1) - 1y (11, Np)) 0
1 1 1 = &4w(Np) pi=pus gt Poiss (Nssv — Nirue | nf(u, Nb))

The SF POIs are common for the 15 and the 2b selections and inclusive in B-hadron pt. The last term of
the equation describes the SF correction to the fake rate as a ratio of conditional Poisson probabilities. This
is calculated, globally per event, as the conditional Poisson probability of observing the number of fake
reconstructed SSVs in the event (Ngy — Nirue) given the average number of fakes SSVs predicted by the
simulation (17 (u, Np)), where N}, is the number of reconstructed b-jets. In the numerator of this term, n ¢
is corrected by SFyye, which is one of the free parameters of interest in the fit. Products over N, and
Nmiss are truncated at four, i.e. consider only events with up to four B-hadrons in acceptance.

11



Table 3: Input values to weight calculation of Eq. (1) obtained from simulated events. Relative statistical uncertainties
amount to less than 1% in all cases.

‘ Parameter ‘ Np=1 | Np=2

Exsy 0.0173 | 0.0116
np(uL) | 0.0105 | 0.0078
np(ug) | 0.0149 | 0.0125

Events with higher B-hadron multiplicities are negligible. The parameters ssy and n ¢ are estimated in
simulated 77 events as a function of N}, (and in two bins of u for ny) and provided as an input to the weight
calculation. The values used are shown in Table 3. The performance difference between the 15 and the
2b selections is due to differences between the SSV momentum distribution in the two regions. These
parameters were also estimated by using HERwWIG as alternative parton shower modeling generator. It was
found that n ; does not depend on the shower generator choice. The efficiency, esgsy, is also very similar
between the two parton shower generators for B-hadron p smaller than 10 GeV, while it is about 15%
smaller for the alternative shower simulation for larger B-hadron pr. This difference is also considered in
the systematic uncertainties of the measurement (Section 6.2).

6.2 Systematic uncertainties

Various sources of uncertainties related to the underlying theoretical models for simulated processes as well
as detector effects are considered in the measurement of the scale factors and summarized in this section.
The systematic uncertainties are introduced to the likelihood function in the form of Gaussian-constrained
Nuisance Parameters (NPs) 6; and fitted simultaneously with the POIs, as introduced in the previous
section.

Systematic uncertainties related to the track selection efficiency are determined through dedicated simulated
samples where the amount of tracker material and the physical models were altered in the GEANT4
implementation of the detector. Residual alignment uncertainties between data and simulation on the
track parameters, including the transverse (dp) and longitudinal (zg) impact parameters and the track
sagitta, as well as uncertainties on the impact parameter resolution are considered. These effects, along
with systematic variations of the number of fake tracks, are applied to the tracks used in the TC-LVT
reconstruction algorithm, which is re-executed for each source of uncertainty such that the number of true
and fake SSV in each event is re-evaluated.

A variation in the pileup reweighting of simulated events is included to cover the uncertainty on the ratio of
the predicted inelastic cross-section in simulations compared to the one measured in data.

Uncertainties related to the energy scale (JES) and resolution [66] of hadronic jets are derived by combining
information from test-beam data, LHC collision data and simulation. Uncertainties related to the jet energy
resolution have negligible impact on the measurement. Among the sources of uncertainty contributing to
the JES, the most important uncertainties for this measurements are those related to the modeling of the
pileup, flavor composition of the jet calibration sample, and the different response for each jet flavor (see
Ref. [66] for details). In addition, uncertainties related to the differences between data and simulation of
the performance of the JVT algorithm [67] are accounted for.
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Dedicated measurements are carried out to assess the performance of the DL1r b-tagging algorithm on
b-jets [2] and the mistagging performance for c-jets [71] and light-jets [72]. These measurements derive
corrections from data control samples, which are applied to account for differences between data and
simulation in the efficiency and mistag rate of the b-tagging algorithm. The corrections used in this
analysis are derived in pseudo-continuous bins of the tagger discriminant distribution [2]. A large number
of uncertainties are considered. A principal component analysis is performed on these uncertainties, and
the resulting uncertainties are taken as uncorrelated components for the measurement described here.
An uncertainty in the relative fraction of quark versus gluon jets of 50% is also applied to all simulated
samples.

The combined 2015-2018 integrated luminosity, which is obtained using the LUCID-2 detector for the
primary measurement and complemented by measurements using the inner detector and calorimeters, has
an uncertainty of 0.83% [21].

The reconstruction, identification, and isolation efficiencies of electrons and muons, as well as the efficiency
of the trigger used to record the events, differ slightly between data and simulation. These differences are
compensated for by dedicated SFs, which are measured using tag-and-probe techniques on Z — £+{~
experimental and simulated samples [59, 62]. The SFs, with uncertainties, are applied as corrections to
the simulated event weights. Additional sources of uncertainty arise from the corrections used to adjust
the lepton momentum scale and resolution, which are also propagated to the simulated samples. All
lepton-related uncertainties have an impact on the measurement smaller than 0.5%.

Uncertainties related to the modeling of the ¢ process include effects associated with missing higher order
corrections in the perturbative expansion of the partonic cross-section and the PDF uncertainties. The
first point is addressed by varying the renormalization (y;) and factorization (ur) scales, while the latter is
evaluated following the PDFALHC recommendations [73]. The o, uncertainty is derived using the same
PDF set but with two different «, values. The uncertainties from the PDF and a; variations are added in
quadrature.

For the uncertainties due to parton shower and hadronization and due to the NLO matching, the nominal
PowHEGBoOx+PyTHIA8 17 (SFS) sample is compared with the PownHecBox+HerwiG7 tf (SFS) sample. To
evaluate the effect of the amount of initial and final state radiation (ISR and FSR) on the measurement, the
settings of the nominal PowHEGBox+PyTHIA8 ¢ (SFS) sample are varied. The uncertainty due to ISR is
estimated by simultaneously changing u, and p ¢ in the ME and ,u{fR in the PS, while the uncertainty due
to FSR is estimated by changing ,uESR in the PS.

Certain regions in the calibration measurement contain a sizable contribution of up to 13% of #f events
with additional heavy flavor quarks. Various measurements of this process have shown that the simulation
consistently underestimates the contribution [74], therefore an additional one-sided uncertainty of 28% is
introduced to account for this discrepancy.

Single-top-quark processes contribute sub-dominantly in some parts of the phase space and are governed
by an additional uncertainty stemming from different ways to treat the interference between 7 and tW
production. The nominal W samples use the diagram removal scheme, while the alternative samples use
the diagram subtraction scheme [44, 45].
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Table 4: Post-fit yields, including systematic uncertainties, in all calibration regions. Due to correlations, systematic
uncertainties on the individual samples do not necessarily add up in quadrature to the total uncertainty. ¢f events are
assigned to the ‘¢ fakes’ category if the event contains at least one fake SSV.

| 0SSV2b. gy | 0SSV2b,py | 1SSV 1b,py | 2SSVibpy | 1SSV2b, gy | 1SSV b,y | 2SSV Ib py | 1SSV 2b, puy
17 true | 194940 £20150 | 22531021660 | 5760£610 | 6210 | 1316£164 | 6530+640 | 6311 | 1447+177
17 fakes \ \ | 2350387 | 177£32 | 2348323 | 3697+485 | 27738 | 4012423
Single top | 6814+840 | 81611006 | 781100 | 225 | 132£18 | 1102£140 |  36£7 | 207+29
Others | 960+190 | 1130+230 | 180+40 | 5+1 | 30x6 | 270x60 | 7£2 | 40=x8
Total predicted | 202400 £900 | 234700900 | 9060+100 | 266+12 | 3830+60 | 11600110 | 384%17 | 5690+70

| | | | | | | |

Data 202359 234733 9068 279 3806 11589 381 5703

6.3 Calibration results

The nine calibration regions described in Section 6.1 are included in a simultaneous maximum-likelihood
fit using five unconstrained parameters (two ¢f normalization parameters and the three POIs: SFg, SFEl ie,
SF’fla'f(e). Systematic uncertainties, as described in Section 6.2, are treated in the fit as O(100) nuisance
parameters with Gaussian prior. The width of the Gaussian, o, is equal to the systematic uncertainty
corresponding to the nuisance parameter. Uncertainties are inclusive in B-hadron pr. All common sources
of uncertainties are treated as correlated across eight of the nine measurement regions but uncorrelated with

miss

. . . high—E . .
respect to the ‘0SSV 2b, high-E"*” region used to constrain the y tig T normalization parameter. This

treatment guarantees that no constraint is imposed on the POIs from the high—ErT’rliSS normalization region.
The pileup uncertainties are the only exception to this treatment. These uncertainties are also treated as
uncorrelated between regions with zero or at least one SSV and they are also uncorrelated between high
and low y regions.

After the fit, a good agreement between the observed data and the prediction is obtained. Post-fit yields
and their uncertainties are summarized for the calibration regions in Table 4, the validation regions in
Table 5 and shown in Figure 2. Both calibration regions and high-ETIniSS validation regions are included in
the latter. The POIs of the fit, summarized in Table 6, are extracted in the calibration regions and applied in
the validation regions, which also show good post-fit agreement between the data and the prediction.

Selected post-fit distributions of the SSV transverse momentum are shown in Figure 3 for a subset of the
calibration and validation regions. This calibration targets events with SSV transverse momentum smaller
than 20 GeV. Only a very small fraction of events considered in the calibration contain an SSV with a
transverse momentum above 15 GeV. The overall good agreement between the observed data and the
prediction as a function of pt indicates that the assumption of pr-independent SFs holds and supports the
applicability of this calibration to analyses characterized by SSV pr spectra significantly different from
that in the calibration sample. The small discrepancy between the experimental data and the simulation
in the SSV pt bin 13 — 15 GeV, indicates a possible pr-dependence of the calibration for values of SSV
pt beyond 15 GeV, which are provided as validity limit for the applicability of this calibration. Further
investigations would be needed in order to extend the calibration beyond this SSV p range.
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Table 5: Post-fit yields, including systematic uncertainties, in all high-E%Irliss validation regions. The ‘0SSV 2b’ region
is used to constrain the ¢7 normalization in all validation regions. Due to correlations, systematic uncertainties on the
individual samples do not necessarily add up in quadrature to the total uncertainty. ¢ events are assigned to the ‘tf
fakes’ category if the event contains at least one fake SSV.

0SSV 2b | 1SSV 2b, up | 1SSV 2b, uyy | 1SSV 1b, pp, | 1SSV Ib, upy

high- Emiss high-EMSS | high-EMSS | high-EMS | high-Emiss
IF true | 23730 £3010 | 112£29 | 133£36 | 471+108 | 569125
17 fakes | - | 14134 | 26355 | 164+£37 | 28257
Single top | 1618182 | 14£3 | 276 | 49%9 | 7312
Others | 270+50 |  4x1 | 7x1 | 10£2 | 14%3
Total predicted | 25600+ 160 | 27040 | 43060 | 690=110 | 940+ 140
Data | 25601 | 245 | 418 | 678 | 808

Table 6: Fit results, with uncertainties, for the five unconstrained parameters.

Fitted parameter value
SFef 0.86 £ 0.10
SF;. 1.63 £ 0.15
) SN 1.58 £0.13

Mit 0.96 +0.14
MEERT 1 0.91£0.19

The efficiency scale factor is found to be smaller than one by about 15%, while the two fake rate scale
factors are found to be greater than one by about 60% (Table 6). The underlying causes of these effects
are currently not fully understood, albeit these results are qualitatively consistent with those measured for
b-tagging in jets. The fitted values for the ## normalization are consistent with factors obtained in previous
measurements by the ATLAS Collaboration [75] targeting a similar phase space. The nuisance parameters
are only mildly constrained, with the exception of the parameters associated with the modeling of pileup.
The fit constrains the pileup uncertainties to about 50% of its original value. This is expected because the
pileup uncertainties aim to cover the residual differences of data and simulation over an inclusive phase
space, whereas the analysis bins are split into two separate u regimes.

The impact of the five leading systematic uncertainties on the three POIs are presented in Figure 4. A
summary of the impact of all leading systematic uncertainties, grouped by uncertainty sources, is given in
Table 7. Impacts are calculated by estimating, for each nuisance parameter, the difference between the fitted
POI in the nominal maximum-likelihood fit and a second fit performed by fixing the nuisance parameter
to its nominal maximum-likelihood estimator plus one o of its Gaussian prior (8 + 1o-). Uncertainties
related to the pileup modeling and the modeling of extra-jet radiation in the ¢z background are among
the dominant sources of systematic uncertainties for all SFs. Additionally, the uncertainties related to
b-jet identification, jet energy scale, and jet flavor composition are important for SF.g, while track-related
uncertainties dominate for SFEl ie and SFg1 ?{e. Statistical uncertainties are below 1% in this measurement.
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Table 7: Summary of the impact of the dominant systematic uncertainties in this calibration for the three calibration
scale factors. All systematic uncertainties are fully correlated bin-by-bin, except special cases as explained in the text.
In the case of correlated systematic uncertainties, the relative sign of the uncertainty for each measurement is taken
into account, even if not shown here.

Uncertainty impact ‘ SF.f [0] ‘ SFg o [%] ‘ SFg1 e [%e] ‘
Jet energy scale 7 3 2
Flavor tagging 3 3 2.5

tf modeling 3 6 3

tt heavy flavor modeling 1.5 6 3
Pileup 3 6 6
Track resolution <1 6.5 6
Track fake rate <1 <1 6

7 Conclusion

The reconstruction and identification of jets that originate from the hadronization process of b-quarks is
an important component in measurements and searches carried out by the ATLAS experiment. Various
tagging algorithms and techniques are in place, covering a large b-jet pt range. A dedicated calibration of
the TC-LVT algorithm, which focuses on the identification of B-hadrons with such low p that they do not
give rise to a reconstructed jet (pr < 20 GeV), is presented for the first time in this paper. The result of the
calibration measurement is a set of scale factors that can be used to correct the performance of the TC-LVT
algorithm in simulation to match that observed in data. These results improve and extend the previous
calibration of this algorithm obtained in the context of bottom squark searches in the compressed mass
regime.

The measurement is carried out using 140 fb~! of data from pp collisions collected with the ATLAS
detector during LHC Run 2 at a center-of-mass energy of 13 TeV. A data sample containing predominantly
di-leptonic 7 events is selected, by requiring exactly one muon and one electron of opposite electric charge.
Various orthogonal regions are defined to facilitate the simultaneous measurement of efficiency and fake
rate scale factors. Simulated events are categorized based on the presence of true or fake SSVs, i.e. SSVs
matched to a real B-hadron and SSVs mainly arising from random track crossings involving tracks from
additional proton—proton interactions occurring in the same bunch crossing, reconstructed by the TC-LVT
algorithm.

By separating events into regions with different b-jet multiplicity, different number of SSVs and low
and high pileup, the different contributions of true and fake SSVs in these regions can be exploited in a
combined likelihood fit to extract the scale factors. Auxiliary measurements are included as well, to reduce
the dependence on any potential mis-modeling of the #7 process in the high missing transverse momentum
regime. Systematic uncertainties are included as nuisance parameters in the fit.

A single efficiency scale factor, SF.¢ = 0.86 + 0.10, is determined. Two pileup-dependent mistag rate scale
factors, SF’E’1 ie= 1.63 £ 0.15 and SFf;l ?{e: 1.58 + 0.13, are measured. These scale factors are valid for SSV
transverse momenta between 3 and 15 GeV. The resulting efficiency in data for the TC-LVT algorithm
ranges from 1%—-12% in the pt range 3—15 GeV. The TC-LVT algorithm and calibration described in this
paper can significantly improve the sensitivity in various beyond-the-SM searches as they provide a novel

and effective tool to reconstruct and identify events that contain low-momentum b-quarks.
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