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b-hadrons with transverse momenta too low to yield a calorimeter jet that can be efficiently
identified by b-tagging techniques are ubiquitous in scenarios of compressed spectra of
supersymmetric third generation particles. Three different techniques to tag low transverse
momentum b-hadrons are described and characterised. One of them makes use of jets
reconstructed only from tracks, while the other two explore the feasibility and performance
of a vertex reconstruction not relying on any jet finding. The approaches are found to be
complementary, with the latter two yielding better sensitivity to b-hadron transverse momenta
in the 5-15 GeV range, and the former providing the best performance above 15 GeV.
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1 Introduction

The ability to identify b-hadrons in the data from the ATLAS detector, whose decay products leave a
significant amount of energy in the calorimeters, has been repeatedly assessed [1, 2]. Such b-tagging
techniques make use of the tracks associated to the calorimeter jet resulting from the hadronisation of a
b-quark, and exploit observables correlated with the b-hadron lifetime and mass, such as the track impact
parameters, the presence of a secondary decay vertex and the topology of the b-hadron decay.

The use of calorimeter jets as a starting point for b-tagging sets constraints on the energy that a b-hadron
and surrounding hadronic activity must have. Standard b-tagging techniques in ATLAS limit their realm of
applicability to calorimeter jets with transverse momenta of at least 20 GeV [3].

However, there are important physics scenarios where the ability to identify b-hadrons with lower transverse
momenta would greatly improve the analysis sensitivity.

One example is the production of the supersymmetric partners of third generation quarks (top squark
or stop, t̃1, and bottom squark or sbottom, b̃1) with compressed mass spectra. Compressed supersym-
metric scenarios [4–9], where either the stop or the sbottom is nearly mass-degenerate with the lightest
supersymmetric particle (LSP), are favoured in scenarios of electroweak baryogenesis [10, 11]. The low
transverse momentum (pT) of the squark decay products (for instance in t̃1 → b f f ′ χ̃

0
1, where f and f ′

are generic fermions and χ̃0
1 is the lightest neutralino assumed to be the LSP, or in b̃1 → b χ̃

0
1) makes

such scenarios hard to detect. Figure 1 (a) shows that the b-hadron pT spectrum peaks at 10-15 GeV (5
GeV) in simulated events with pair-produced sbottoms (stops) decaying through b̃1 → b χ̃

0
1 (t̃1 → b f f ′ χ̃

0
1),

where the difference in mass between the squark and the neutralino is set to ∆m = 20 GeV. The softer
spectrum for t̃1 events is due to the four-body nature of the assumed decay. Such low-pT b-hadrons are
tagged by standard b-tagging algorithms based on tracks associated to calorimeter jets (see Section 4) only
in a relatively small fraction of cases: although one expects two b-hadrons from the pair-produced particle
decay, only 10% or less of the events have two b-tagged jets, with more than 70% of the events having no
b-tagged jet at all (Figure 1 (b)).
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Figure 1: (a) The pT spectrum of generated b-hadrons produced by either t̃1 → b f f ′ χ̃
0
1 or b̃1 → b χ̃

0
1 with

∆m = 20 GeV. (b) The number of calorimeter jets b-tagged with the standard MV2c10 algorithm (77% efficiency
working point when applied to calorimeter jets with pT > 20 GeV in simulated tt̄ events).
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The current results from the ATLAS [12–15] and CMS [16, 17] collaborations on the stop and sbottom
searches reflect such behaviour: the limits on compressed scenarios are significantly less stringent than
those on non-compressed scenarios 1.

The main objective of this work is to increase the sensitivity to low-pT b-hadrons, by making use of two
different approaches. The first approach extends standard b-tagging techniques used on jets reconstructed
directly from tracks [18] to lower pT compared to previous use cases, such as the search for new physics
processes with Higgs boson tagging techniques [19].

In the following, this approach will be referred to as track-jet-based b-tagging. The second approach is not
relying on the presence of any jet, but only on the presence of a secondary vertex produced by the b-hadron
decay. Two different implementations of this approach have been developed. Each implementation is
optimised independently for different physics scenarios, leading to different choices made during the
optimisation process. The first implementation (referred to as Track-based Low-pT Vertex Tagger, or
T-LVT in the following) relies on a vertexing algorithm originally developed for the detection of long-lived
particles in scenarios of new physics [20]. It has been designed to be used in compressed stop scenarios.
The second implementation (Track-Cluster-based Low-pT Vertex Tagger, TC-LVT) relies instead on a
modified version of the vertexing algorithm optimised to find secondary vertices within, or in the vicinity
of, a jet [21], and has been optimised for compressed sbottom scenarios.

After introducing the ATLAS detector in Section 2, the dataset and simulated event samples used in
Section 3, and the final state object reconstruction in Section 4, the algorithms are introduced in Section 5.
They are then characterised in terms of expected performance on simulated signal events, where genuine
low-pT b-hadrons are present, and background events, where no b-hadron is present in Section 6. The
agreement between the simulation prediction and data on basic observables sensitive to the presence of
low-pT b-hadrons are also discussed in Section 7. Finally, conclusions are drawn in Section 8.

2 ATLAS detector

The ATLAS detector [22] at the LHC covers nearly the entire solid angle around the collision point.2 It
consists of an inner tracking detector surrounded by a thin superconducting solenoid, electromagnetic and
hadronic calorimeters, and a muon spectrometer incorporating three large superconducting toroidal magnets.
The inner-detector system (ID) is immersed in a 2 T axial magnetic field and provides charged-particle
tracking in the range |η | < 2.5.

The high-granularity silicon pixel detector covers the vertex region and typically provides four measurements
per track, with the first hit usually being in the insertable B-layer (IBL) installed before Run 2 [23, 24]. It is
followed by the silicon microstrip 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 |η | = 2.0.

1 It is worth noticing that CMS is already successfully using techniques similar to T-LVT and TC-LVT in Ref. [17]
2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector
and the z-axis along the beam pipe. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, φ) are used in the transverse plane, φ being the azimuthal angle around the z-axis. The pseudorapidity

is defined in terms of the polar angle θ as η = − ln tan(θ/2). Angular distance is measured in units of ∆R ≡
√

(∆η)2
+ (∆φ)2.
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Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy measurements with
high granularity. A hadron (steel/scintillator-tile) calorimeter covers the central pseudorapidity range
(|η | < 1.7). The end-cap and forward regions are instrumented with LAr calorimeters for both EM and
hadronic energy measurements up to |η | = 4.9. The muon spectrometer surrounds the calorimeters and is
based on three large air-core toroidal superconducting magnets with eight coils each. The field integral of
the toroids ranges between 2.0 and 6.0 T·m across most of the detector. The muon spectrometer includes a
system of precision tracking chambers and fast detectors for triggering.

Interesting events are selected to be recorded by the first-level trigger system implemented in custom
hardware, followed by selections made by algorithms implemented in software in the high-level trigger [25].
The first-level trigger reduces the 40MHz bunch crossing rate to below 100 kHz, which the high-level
trigger further reduces to about 1 kHz before the events are written to disk.

3 Data and Monte Carlo simulated event samples

Samples of Monte Carlo (MC) simulated events are used for the optimisation of the tagging algorithms, to
assess the taggers efficiency on b-hadrons, their fake rate, and finally to validate the agreement between
data and MC simulation in dedicated kinematic regions enriched in b-hadrons. Details of the simulated
samples used, including the matrix element (ME) event generator and parton distribution function (PDF)
set, the parton shower (PS) and hadronisation model, the set of tuned parameters (tune) for the underlying
event (UE) and the order of the cross-section calculation, are summarised in Table 1.

Table 1: Overview of the nominal simulated samples

Process ME event generator ME PDF PS and UE tune Cross-section
hadronisation calculation

tt̄ Powheg-Box v2 [26] NNPDF3.0 [27] Pythia 8.186 [28] A14 [29] NNLO+NNLL [30–35]
Single-top

t-channel Powheg-Box v1 NNPDF3.0 Pythia 8.186 A14 NNLO+NNLL [36]
s- and Wt-channel Powheg-Box v2 NNPDF3.0 Pythia 8.186 A14 NNLO+NNLL [37, 38]

V+jets (V = W/Z ) Sherpa 2.2.1 [39] NNPDF3.0 Sherpa Sherpa NNLO [40]
Diboson Sherpa 2.2.1 – 2.2.2 NNPDF3.0 Sherpa Sherpa NLO
tt̄ + V MG5_aMC@NLO 2.3.3 [41] NNPDF3.0 Pythia 8.186 A14 NLO [41]
SUSY signal MG5_aMC@NLO 2.6.2 NNPDF2.3 [42] Pythia 8.186 A14 NNLO+NNLL [43–45]

The samples showered with Pythia 8.186 [28] used EvtGen v1.6.0 [46] for the modelling of b-hadron
decays. The signal samples were all processed with a fast simulation [47], whereas all background samples
were processed with the full simulation of the ATLAS detector [47] based on GEANT4 [48]. All samples
were produced with varying numbers of minimum-bias interactions overlaid on the hard-scattering event
to simulate the effect of multiple pp interactions in the same or nearby bunch crossings (also referred to
as pileup in the following). The number of interactions per bunch crossing was reweighted to match the
distribution in data.

More details of the tt̄, W+ jets, Z + jets, diboson and tt̄ + V samples can be found in Refs. [49–52].

The SUSY samples were generated at leading order (LO) with MG5_aMC@NLO including up to two
extra outgoing partons, and interfaced to Pythia 8.186 for parton showering and hadronisation. The
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t̃1 → b f f ′ χ̃
0
1 samples were generated using a filter on the sum of the momenta of invisible final state

particles, required to be larger than 100 GeV. The top squark was decayed with MadSpin [53], interfaced
with Pythia 8.186 for the parton showering. MadSpin emulates kinematic distributions such as the mass of
the bW ∗ system to a good approximation without calculating the full ME. For the b̃1 → b χ̃

0
1 samples, the

bottom squark was decayed in Pythia 8.186 using phase space considerations only and not the full ME.

The dataset used for the comparison of the MC predictions with data corresponds to a total of 139 fb−1of
proton-proton (pp) collision data collected by the ATLAS detector with a centre-of-mass energy of 13 TeV
and a 25 ns proton bunch crossing interval in the period between 2015 and 2018. All detector subsystems
were required to be operational during data taking. The average number of interactions per bunch crossing
for this dataset is between 10 and 60, with a mean value of 34. The uncertainty in the combined 2015-2018
integrated luminosity is 1.7% [54], obtained using the LUCID-2 detector [55] for the primary luminosity
measurements.

4 Object definition

Tracks that are reconstructed [56–58] within the inner detector must have pseudorapidy at the perigee
|η | < 2.5 and pT > 0.5 GeV, and are required to satisfy a set of quality criteria. For the track-jet-based
b-tagging and TC-LVT algorithms, tracks should have at least seven hits in the silicon detectors, no more
than one hit shared with other tracks in the silicon detectors, no more than one missing hit in the pixel
detector, and no more than two missing hits in the SCT detector. The longitudinal impact parameter of
the track with respect to the primary vertex3 (PV) is required to satisfy |z0 sin θ | < 3 mm. For T-LVT,
tracks should have at least four hits in the pixel silicon detectors and one in the SCT detector, and satisfy
|z0 sin θ | < 1.2 mm.

The track-jet-based b-tagging algorithm makes use of variable-radius (VR) jets reconstructed from the
tracks satisfying the selection above. Such jets are reconstructed using the anti-kt algorithm [59], where
the R parameter is chosen in a pT dependent way [60]:

R→ Reff(pT) =
ρ

pT
. (1)

The parameter ρ defines how fast the effective jet size decreases with the pT of the jet. Two additional
parameters Rmin and Rmax are used to set, respectively, a lower and an upper cut on the jet size. The optimal
values of these three parameters have been found to be: ρ = 30 GeV, Rmin = 0.02 and Rmax = 0.4 [19]. In
the pT regime of interest for this work (pT < 30 GeV), this implies R = 0.4 for all jets. VR track jets are
retained for further analysis if their pT satisfies pT > 5 GeV.

Other final state objects, such as electrons, muons, calorimeter jets and b-jets, are used to define the
selection of the kinematic regions described in Section 7, where the performance of the MC simulation is
compared to data.

Electron candidates are reconstructed from energy clusters in the electromagnetic calorimeter and inner-
detector tracks. They are required to satisfy the tight likelihood identification criteria [61, 62]. Furthermore,
lepton isolation, defined as the sum of the transverse energy or momentum reconstructed in a cone with a

3 The selected primary vertex is the primary vertex for which the scalar sum of the squared transverse momenta of all associated
tracks is the highest.
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certain size ∆R excluding the energy of the lepton itself, is required. The isolation criteria rely on both
track- and calorimeter-based information. Candidate electrons are required to have pT > 27 GeV and
|η | < 2.47.

Muon candidates are reconstructed from matching tracks in the inner detector and muon spectrometer.
They are required to meet medium quality and identification criteria as described in Ref. [63], and to be
isolated using similar criteria as for electrons. They are required to have pT > 27 GeV and |η | < 2.7.

Calorimeter jets are reconstructed from three-dimensional topological energy clusters [64] in the calorimeter
using the anti-kt jet algorithm with a radius parameter of R = 0.4 [65]. Each topological cluster is calibrated
to the electromagnetic scale prior to jet reconstruction. The reconstructed jets are then calibrated to the
energy scale of stable final state particles in the MC simulation by a jet energy scale (JES) correction
derived with

√
s = 13 TeV data and simulations [3]. Further selections are applied to reject jets within

|η | < 2.5 that originate from pileup interactions by means of a multivariate algorithm using information
about the tracks matched to each calorimeter jet [66]. Candidate calorimeter jets are required to have
pT > 20 GeV and |η | < 2.8.

A calorimeter jet is tagged as a b-jet by means of theMV2c10 multivariate algorithmwhich uses information
about the impact parameters of inner-detector tracks matched to the jet, the presence of displaced secondary
vertices, the reconstructed flight paths of b- and c-hadrons inside the jet and the topology of the b-hadron
decay [1, 2, 67]. Only jets with |η | < 2.5 are considered for b-tagging. Several operating points are
available, corresponding to various efficiencies obtained on tt̄ simulated events. The 77% efficiency point
is used unless differently specified. This configuration corresponds to a background rejection factor of 4
for c-jets, and of 113 for light-quark and gluon jets on simulated tt̄ events.

Overlaps between reconstructed objects are accounted for and removed based on the angular separation
between different final state objects. The procedure is similar to the one described, for example, in
Ref. [14].

5 Description of algorithms

5.1 Track-jet-based b-tagging

The first of the three techniques explored makes use of VR track jets. Previous work in the context of Higgs
tagging techniques [19] has already used b-tagging techniques on VR track jets with pT > 10 GeV. The
current work extends this further in the low-pT regime, making it available for VR track jets with pT > 5
GeV. The reconstructed VR track jets are required to have at least two associated tracks. Furthermore, a
veto is applied against concentric VR jets: if the ∆R distance between the axis of two VR jets is below the
R size of the smallest VR jet, then the event is discarded. This procedure removes less than 1% of the
events. The MV2c10 b-tagging algorithm [67] is applied to the VR jets satisfying the conditions above.
Three different working points, having nominal efficiencies of 60%, 70%, 77% on a simulated tt̄ sample
are defined by selecting jets above a given threshold on the tagger discriminant distribution.
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5.2 Soft vertexing

An alternative approach is to identify the presence of secondary vertices directly from the reconstructed
tracks in the event, without depending on neither calorimeter nor track jets. Two similar algorithms have
been developed, that rely on different vertexing techniques.

5.2.1 T-LVT

The first vertexing approach relies on an existing vertexing algorithm [20] developed in the context of the
search for displaced vertices in the ID due to the decay of long-lived particles in new physics scenarios [68].
The first step is to make additional requirements on the tracks, on top of those described in Section 4.
Selections are applied on the significances of z0 and of the transverse impact parameters measured with
respect to the PV, d0 ( z0

σ(z0)
> 0.5, d0

σ(d0)
> 1.7). Tracks which have ∆R < 0.4 from the axis of a

calorimeter jet with pT > 30 GeV are removed, both to limit the overlap with existing b-tagging techniques
and to reduce the rate of fake vertices reconstructed in the dense environment within jets. From the selected
tracks, a list of candidate two-track seed vertices is built: all possible two-track combinations are tested, and
two-track seeds are retained based on the estimated position of the vertex candidate (the angle θ between
the vector r pointing from the PV to the secondary vertex and the 3-vector pvtx obtained from the vectorial
sum of the track momenta has to satisfy cos θ > 0.7). Then, starting from the list of two-track seeds,
n-track vertices are formed (n ≥ 2), using an incompatibility graph technique [20], followed by dedicated
steps to resolve potential ambiguities arising from track association to multiple vertices. Once the final list
of secondary vertices is produced, selections are applied on several observables to reject vertices which are
unlikely the result of b-hadron decays. The observables used are:

• the significance of the 3D distance with respect to the primary vertex, Lsig
3D.

• the displacement in the transverse plane of the secondary vertex with respect to the primary vertex,
Lxy.

• the angle θ(r, pvtx) between the vector r pointing from the PV to the secondary vertex and the
3-vector pvtx obtained from the vectorial sum of the track momenta.

• the mass of the secondary vertex mvtx as calculated from the associated tracks, assuming the charged
pion mass for each track.

• the total transverse momentum of the tracks attached to the secondary vertex, pvtx
T .

• the η of the secondary vertex, ηvtx.

• the mean angular distance ∆Rmean between the individual track momenta and pvtx, defined as

∆Rmean =

∑
track ∆R

(
ptrack, pvtx)

Ntrack
, (2)

with Ntrack being the number of tracks attached to the secondary vertex.

A loose and tight working point is defined, as summarised in Table 2. Distributions of some of these
observables in signal and background samples can be found in Appendix A.
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Table 2: Selections applied by T-LVT for the vertex reconstruction and identification.

Working point Lsig
3D Lxy [mm] cos θ(r, pvtx) mvtx [MeV] pvtx

T [GeV] |ηvtx | ∆Rmean

Loose > 5 > 0.2 > 0.9 > 600 > 3 – < 1.0
Tight > 7 > 0.5 and < 5 > 0.95 > 600 > 3 < 1.5 < 1.0

Table 3: Selections applied by TC-LVT for the vertex reconstruction and identification.

Seed track Cluster Vertex
Working point d0

σ(d0)
pT [GeV] d0

σ(d0)
∆Rtrack

seed r track
seed [mm] mvtx [MeV] pvtx

T [GeV]

Loose >0.5 > 1.5 > 1.5 < 0.75 < 0.25 > 600 > 3
Tight >0.9 > 2 > 0.9 < 0.7 < 0.6 > 600 > 3

5.2.2 TC-LVT

The second vertexing approach relies instead on a vertexing technique developed in the context of standard
b-tagging. Like for T-LVT, the first step is to extract a subset of displaced, relatively high-momentum
tracks from the list of tracks passing the selection criteria described in Section 4. Tracks that are associated
to calorimeter jets through ghost association [69] are not considered. All tracks that satisfy conditions set
on the significance of the transverse impact parameter d0

σ(d0)
, and on the measured transverse momentum

are labelled as seed tracks. Seed tracks are then used to reconstruct clusters of tracks. The list of seed
tracks is ordered in decreasing pT. For each seed track, a cluster is formed by adding further high-d0
significance tracks that satisfy a dedicated selection on the angular distance between the candidate and
seed track ∆Rtrack

seed , and on the seed-to-track distance r track
seed , defined as the track-to-track distance of closest

approach. Once tracks are associated to a cluster, they are not considered further for other clusters. The
criteria used for the selection of the seed tracks and the cluster formation are specified in Table 3 for two
working points of the algorithm.

The final step of the algorithm is the vertexing itself. This is done using the Single Secondary Vertex
Finding algorithm (SSVF [21]): for each identified cluster, SSVF is run on all tracks in a cone of size
∆R = 0.4 around the direction of the momentum sum of all tracks attached to the cluster. The main steps
that SSVF performs on the input tracks are:

• Two-track vertices are found by looking at the spatial distance between the tracks. The rate of
two-tracks vertices is suppressed by requiring that the tracks associated to the vertex do not have
any hit in detector layers at a radius smaller than that of the vertex itself. Two-track vertices whose
position is compatible with regions of the detector with large amounts of material are removed.
Two-track vertices with invariant masses compatible with K and Λ decays are identified, and the
corresponding tracks are removed if the impact parameter of the reconstructed pair is compatible
with the PV. Likewise, two-track vertices with small mass under the e+e− hypothesis are removed to
reject conversions.

• All tracks contributing to the cleaned set of two-track vertices are then 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
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track with the largest χ2 of the track-vertex association is removed and the vertex fit is repeated until
an acceptable vertex χ2 and a vertex invariant mass mvtx < 6 GeV are obtained.

6 Algorithms performance

After introducing the three different approaches used to identify low-pT b-hadrons, their performance
is evaluated using simulated events. In order to compare efficiencies and fake rates on equal footing, a
common definition for the match of an object (either a VR track jet or a vertex) to generator-level particles
needs to be defined. The following steps are taken to ensure such definition.

• If a b-hadron (with pT > 5 GeV for track-jet-based b-tagging and no explicit pT selection for T-LVT
and TC-LVT4) is found with a momentum vector within a cone of size ∆R < 0.3 from the object’s
angular direction, then the object is said to be matched to a b-hadron. The object’s angular direction
is defined as the vector rvtx pointing from the PV to the secondary vertex for the vertexing algorithms,
and as the jet axis for the track-jet-based b-tagging.

• Objects not matched to a b-hadron will be said to be matched to a c-hadron if a c-hadron with a
momentum within ∆R < 0.3 from the object’s angular direction is found.

• Objects which are not matched to a b- or a c-hadron are classified as unmatched.

The fraction of b-hadrons identified with a tagged object is factorised into the fraction of b-hadrons
associated to reconstructed objects (acceptance in the following) and the fraction of reconstructed objects
matched to a b-hadron that satisfy the tagging conditions (tagging efficiency in the following). For the
track-jet-based b-tagging, the acceptance is defined as the fraction of b-hadrons that have a VR track jet
matched to them, while the tagging efficiency is defined as the fraction of objects matched to a b-hadron
that pass the threshold on the value of the MV2c10 discriminant. For the vertexing algorithms, no attempt
is done in this note to quote separate values for acceptance and tagging efficiency, rather only of the product
of the two.

The dependence of the acceptance times tagging efficiency on the pT and Lxy of the b-hadron can be seen
in Figure 2. It is evaluated on the sample of pair-produced top squarks undergoing a four-body decay
t̃1 → b f f ′ χ̃

0
1. The vertexing algorithms acceptance times tagging efficiency decreases at larger pT as an

effect of the rejection of tracks associated to calorimeter jets. The stricter track rejection criteria applied in
the TC-LVT algorithm is the main reason why the loss of efficiency starts at lower pT values.

The tagging efficiency and fake rates of the track-jet-based b-tagging algorithm are shown in Figure 3. The
charm and light fake rates are defined as the fraction of objects matched to a c-hadron or the fraction of
unmatched objects, respectively, that are tagged. Such quantities are shown as a function of the VR track
jet pT in Figure 3.

For the purpose of performance comparison between the three algorithms described in this note, the number
of tagged objects per event matched to c-hadrons (per-event charm fakes in the following) or unmatched
(per-event fakes in the following) evaluated on signal events is considered5. The acceptance times efficiency

4 Due to the low efficiency of track-jet-based b-tagging for b-hadrons with pT < 5 GeV, this difference in threshold has no effect
on the assessment of performance done in this section.

5 For the stop sample, events where t̃1 → bcs χ̃
0
1 or t̃1 → bcd χ̃

0
1 are included. The average number of c-hadrons per event is

about 1.7
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is plotted against the number of charm fakes and fakes per event in Figure 4 in two different b-hadron pT
ranges.

Finally, to compare the number of per-event charm fakes and fakes on events with similar topology and for
working points with similar acceptance times tagging efficiency, the following procedure is established:

• Signal events are classified in bins of pT of the b-hadron. Only events that have all b-hadrons in the
same pT bin are retained.

• For each pT bin, the working point of track-jet-based b-tagging is chosen such that the acceptance
times tagging efficiency matches that of T-LVT.

• The number of per-event charm fakes and fakes is evaluated in each pT bin.

The results are shown in Figure 5. The number of charm fakes and fakes per event for the vertexing
algorithms at an efficiency comparable to that of track-jet-based b-tagging shows that the vertexing approach
provides the best performance below a b-hadron pT of about 15 GeV.
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Figure 2: b-hadron acceptance times tagging efficiency as a function of (left) the b-hadron pT, and (right) the distance
in the transverse plane from the PV to the secondary vertex, Lxy. Shown are all the discussed working points of (a),(b)
T-LVT, (c),(d) TC-LVT, (e),(f) track-jet-based b-tagging. All numbers are evaluated on a sample of pair-produced
top squarks undergoing the four-body decay t̃1 → b f f ′ χ̃

0
1. The difference in mass between the t̃1 and the χ̃0

1 is
∆m = 20 GeV.
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Figure 3: (a) Tagging efficiency and fraction of tagged VR tracks-jets (b) matched to a c-hadron (c) unmatched as a
function of the VR track-jet pT. The values are computed on a sample of pair-produced top squarks undergoing the
four-body decay t̃1 → b f f ′ χ̃

0
1 with a difference in mass between the t̃1 and the χ̃

0
1 of ∆m = 20 GeV. The tagger used

is MV2c10, and three working points are considered: 60%, 70% and 77%. The vertical error bars show the statistical
uncertainty.
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Figure 4: Acceptance times tagging efficiency as a function of the number of charm fakes (top) or fakes (bottom) per
event for the different taggers for a b-hadron pT in the range 5-15 GeV (left) and 15-20 GeV (right). The loose and
tight working points are shown for T-LVT and TC-LVT, while the threshold on the MV2c10 discriminant is varied
for track-jet-based b-tagging. The values are computed on a sample of pair-produced top squarks undergoing the
four-body decay t̃1 → b f f ′ χ̃

0
1 with a difference in mass between the t̃1 and the χ̃0

1 of ∆m = 20 GeV.
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Figure 5: (a) Acceptance times tagging efficiency for the three algorithms after that of track-jet-based b-tagging has
been tuned in each pT bin to that of T-LVT, as described in the text. Number of (b) charm fakes and (c) fakes per
event for the three algorithms.
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7 Performance validation

It is important to assess how well the MC simulation models the properties of the tagged objects in data. For
this purpose, a region in data is defined, where most of the tags are expected to come from real b-hadrons.
The selection targets tt̄ production in the dilepton final state: events are required to contain a different
flavour opposite sign lepton pair (eµ), at least two calorimeter jets with pT > 30 GeV, out of which one has
to be b-tagged (calorimeter-jet-based b-tagging, MV2c10 with the 77% efficiency working point). This
yields a sample with a tt̄ purity above 90%.
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Figure 6: Comparison between data and simulated events of (a) the number of b-taggedVR track jets with pT < 10GeV
per event and (b) the pT of the leading b-tagged VR track jet in a tt̄ dominated region. The "Others" category includes
contributions from V+jets, diboson and tt̄ + V production. Ratios between data and MC simulation are reported in
the lower panel. The shaded band contains the MC statistical uncertainty only. Overflow events are included in the
last bin.

Figure 6 (a) shows the multiplicity of b-tagged VR track jets (MV2c10 with the 70% efficiency working
point) with pT < 10 GeV for the tt̄ selection , while Figure 6 (b) shows the pT of the leading track jet. The
MC simulation estimates that 98% of the tagged track jets are associated with a b-hadron when no restriction
on the b-hadron pT is imposed, and 91% when the pT < 10 GeV requirement is applied. Similarly, Figure 7
(a) and 8 (a) show the vertex multiplicity for T-LVT and TC-LVT, respectively. The agreement between
data and MC simulation is overall reasonable. Figure 7 (b) and 8 (b) show the distribution of the vertex
mass mvtx. The MC simulation estimates that 93% (for T-LVT) and 95% (for TC-LVT) of the vertices are
associated to b-hadrons. For the mvtx distributions, the MC predictions have been rescaled to match the
data yield to show the level of agreement in the shape of the distributions. The scale factor is 1.16 for
T-LVT and 1.097 for TC-LVT. The detailed study and correction of these global normalisation factors will
be the subject of a future work.
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Figure 7: Comparison between data and simulated events of (a) the number of vertices per event and (b) the vertex
mass for T-LVT in a tt̄ dominated region. In (b), the MC predictions have been scaled to match the overall yield
observed in data. The "Others" category includes contributions from V+jets, diboson and tt̄ + V production. Ratios
between data and MC simulation are reported in the lower panel. Overflow events are included in the last bin.
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Figure 8: Comparison between data and simulated events of (a) the number of vertices per event and (b) the vertex
mass for TC-LVT in a tt̄ dominated region. In (b), the MC predictions have been scaled to match the overall yield
observed in data. The "Others" category includes contributions from V+jets, diboson and tt̄ + V production. Ratios
between data and MC simulation are reported in the lower panel. Overflow events are included in the last bin.
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8 Conclusions

Three different methods have been developed to improve the capability to identify low-pT b-hadrons in data
from the ATLAS detector. One of them relies on standard b-tagging techniques applied to jets reconstructed
from tracks, while the other two aim at identifying secondary vertices produced in the b-hadron decay
without relying on the presence of a jet. An evaluation of their performance shows that the methods are
complementary, with the vertexing algorithms yielding the best sensitivity to b-hadrons with pT in the 5-15
GeV range, and track-jet-based b-tagging performing best for pT > 15 GeV. The modelling of the tagging
performance in simulation is found to be satisfactory in a data sample dominated by tt̄ events. The tools
developed in this note are expected to be particularly useful in the search for stop and sbottom production
in supersymmetric models with compressed mass spectra.
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A T-LVT Observable Distributions

In order to illustrate the separation power of some of the observables used by T-LVT, more information is
provided in this Appendix. Figure 9 shows the distribution of the transverse impact parameter significance
and the distance to the closest jet of the tracks associated to the decay of a b-hadron in the stop sample and
in a sample of W -boson production where all events containing any b- or c-hadron at generator level have
been removed. The figure highlights the origin of the choices for the track selection discussed in Section 4.
Figure 10 shows the distribution of two of the observables used in the vertex selection by T-LVT, when all
the selections on the other observables beside the one shown are applied.
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Figure 9: (a) Transverse impact parameter and (b) the minimum distance between tracks and calorimeter jets for
tracks associated to the b-hadron decay in the stop sample and for tracks not associated to any b-hadron decay in a
W -production sample. The shaded part of the histograms corresponds to the tracks that are accepted by the algorithm.
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Figure 10: (a) mvtx and (b) L3D distributions obtained by applying all vertex selections on the observables of
Section 5.2.1 but that on the observable shown. The red curve refers to vertices in the stop sample while the blue one
refers to a W -production sample where events containing b- or c-hadron at generator level have been removed. The
shaded part of the histograms corresponds to the tracks that are accepted by the algorithm (tight working point).
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