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1 Introduction

Supersymmetric (SUSY) extensions of the Standard Model (SM) of particle physics predict
new particles which are partners of SM particles [1–6] — the partners of SM fermions being
bosons and those of SM bosons being fermions — and provide solutions to the hierarchy
problem [7–10]. R-parity-conserving SUSY models [11] are considered in this paper and
predict that the supersymmetric partners of quarks (squarks) will be produced in pairs at
the Large Hadron Collider (LHC) and that the lightest SUSY particle (LSP) is stable. The
lightest neutralino, χ̃0

1, is considered to be the LSP and is a dark-matter candidate [12, 13].
The search described in this paper targets SUSY models where top or charm squarks

(t̃1/c̃1) are the lightest squarks, with masses less than about one TeV [14]. For top squarks
considered in this search, flavor-violating effects allow the top squark to decay into a charm
quark and an LSP, as shown in figure 1(a). This results in a final state with two charm
quarks and missing transverse momentum from the LSPs, which escape detection. The
extent of flavor-violating effects is model dependent, but when there is significant mixing
between the top squark and the charm squark [15] which can be due to renormalisation
group equations, even if minimal flavor violation is assumed at a certain scale, the branching
fraction of t̃1 → cχ̃0

1 can exceed the branching fraction of t̃ → t∗χ̃0
1, where t∗ can be either

an on-shell or off-shell top quark.
In supersymmetric models with minimal flavor-violating effects, charm squarks could

be considerably lighter than other squarks. This motivates searches for pair production of
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(a) (b) (c)

Figure 1. Representative diagrams for pair production of (a) top squarks (t̃1) and (b) charm squarks
(c̃1), with subsequent decay into charm quarks and neutralinos (χ̃0

1), and (c) pair production of
leptoquarks decaying into charm quarks and neutrinos.

charm squarks, with each charm squark decaying into a charm quark and an LSP as shown
in figure 1(b). Notably, the model of charm squark pair production in figure 1(b) shares
the same experimental signature and production cross-section as for the top squark pairs
in figure 1(a). The experimental signature includes jets that contain charm hadrons but no
bottom hadrons and momentum imbalance caused by the two LSPs. The search discussed in
this paper was optimized for the case where the branching fraction of the decay of top or
charm squark into a charm quark plus the LSP is unity. However, the results of the search are
also interpreted in the scenario of top squark production with a varying branching fraction
of the top squark decay into a charm quark plus the LSP ranging from 0.1 to 1, with the
alternative decay being to a top quark plus the LSP.

Leptoquark (LQ) models [16–24] with up-type scalar LQs (LQu) or vector LQs (vLQ)
predict their pair production and subsequent decay into cνcν, with the same experimental
signature as in top and charm squark production models (see figure 1(c)). The following
models are considered: U1 vLQ models that couple to second-generation quarks and third-
generation leptons (vLQu

23, where the subscript indicates the quark and lepton generations) in
both the minimal and Yang-Mills coupling scenarios [25, 26], assuming a branching fraction
(B) of B(vLQu

23 → cντ ) = 0.5 in both cases with the alternative decay being vLQu
23 → sτ ; and

models where scalar LQs couple to second-generation quarks and first- or second-generation
leptons [27–29], allowing a range of B(LQu → cνe/µ) values (here the alternative decay is
LQu → se/µ).

This search for top squark, charm squark, and leptoquark pair production uses pp

collisions from the LHC at a centre-of-mass energy of
√

s = 13 TeV recorded by the ATLAS
experiment from 2015 to 2018. A previous search by ATLAS [30], based on the identification
of jets containing charm hadrons but no bottom hadrons (c-tagging), used 36.1 fb−1 of
collisions and was able to probe top and charm squark masses up to 850 GeV. In addition to
a larger dataset, the search herein also benefits from improvements in c-tagging and from an
advanced technique, Recursive Jigsaw Reconstruction [31] which makes use of jets originating
from initial-state radiation (ISR), and which provides sensitivity to models with small mass
splittings between the top squark and the LSP. Other ATLAS results also have sensitivity to
the models considered in this paper: a search using final states with an energetic jet (but no

– 2 –
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c-tagging) and large missing transverse momentum [32] was particularly sensitive to models
with small mass differences between the top/charm squark and the LSP, while a search for
single squark production that did not utilize c-tagging [33] had good sensitivity to models
with large top/charm squark masses, and a more recent search for top squark pair production
focused on squarks decaying into either a top quark or charm quark plus an LSP [34]. The
most recent search performed by the CMS Collaboration [35] used 137 fb−1 of

√
s = 13 TeV

pp collisions from the LHC, but only considered mass differences between the top squark
and the LSP of less than 80 GeV, while the present ATLAS search explores mass differences
ranging from 20 GeV to about 1 TeV. Finally, for the considered leptoquark models, this paper
is the first to report results for the described final state from an LHC experiment.

2 ATLAS detector

The ATLAS detector [36] at the LHC covers nearly the entire solid angle around the collision
point.1 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 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 |η| < 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 [37, 38]. 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 |η| = 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 |η| < 4.9. Within the region
|η| < 3.2, electromagnetic calorimetry is provided by barrel and endcap high-granularity
lead/liquid-argon (LAr) calorimeters, with an additional thin LAr presampler covering
|η| < 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 |η| < 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

1ATLAS 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. Polar 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) and is equal to the rapidity y = 1
2

ln
(

E+pz

E−pz

)

in the relativistic limit. Angular distance is

measured in units of ∆R ≡

√

(∆y)2 + (∆φ)2.
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of layers of monitored drift tubes, cover the region |η| < 2.7, complemented by cathode-strip
chambers in the forward region, where the background is highest. The muon trigger system
covers the range |η| < 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 [39] 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 [40].
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 [41] 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.

3 Data and simulated event samples

The data used in this analysis were recorded with a fully operational detector from stable-
proton-beam collisions, and are clear of a significant amount of cosmic-ray or beam-induced
background [42]. The total integrated luminosity of this dataset is 139.0 ± 2.4 fb−1 [43],
determined using the LUCID-2 detector [44] for the primary luminosity measurements,
complemented by measurements from the inner detector and calorimeters.

The LHC accelerates and collides protons in bunches, resulting in multiple pp collisions
during each bunch crossing, alongside the much rarer hard-scattering pp collisions of interest.
The bunch crossings happen every 25 ns. The average number of additional proton-proton
interactions per bunch crossing (pile-up) grew from 13 in 2015 to a value of about 38 in 2017.

Missing transverse momentum triggers were used to select the data [45] for this analysis.
The triggers had thresholds of 70 GeV in 2015 and early 2016, 100 GeV in late 2016 and
2017, and 110 GeV in 2018. These triggers reach an efficiency plateau for offline missing
transverse momenta greater than 200 GeV.

The predictions for signal and background contributions are obtained with Monte Carlo
(MC) simulated event samples. To match the LHC beam conditions, these simulated event
samples also contain pile-up interactions. The simulated events were processed through the
ATLAS detector simulation [46] and then subjected to the same reconstruction algorithms
as the data. All samples were processed with the full Geant4 [47] detector model with the
exception of the samples with leptoquarks or direct top or charm squark production which
were processed with Atlfast-II detector simulations [48]. Finally, the simulated samples
were corrected to improve the accuracy of the pile-up modelling, jet momenta, lepton efficiency
and momenta, trigger efficiencies, missing transverse momentum, and c-tagging efficiency.

Standard Model background samples were produced with various event generators as
shown in table 1. All samples, except the ones that use the Sherpa event generator [49], were
processed with EvtGen 1.7.0 [50] for the b- and c-hadron decays. The cross-sections, which
were used to normalize the samples, were calculated separately with higher-order corrections
in the strong coupling (αs) for all samples except for the diboson production (pp → V V +jets)
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Background process Matrix element PDF Parton showering Underlying Cross-section

generator accuracy and hadronization event tune calculation accuracy

pp → V +jets Sherpa 2.2.11 [49] NNLO Sherpa Default NNLO [52]

pp → tt̄V +jets aMC@NLO 2.3.3 [53] NLO Pythia 8.210 [54] A14 [55] NLO [53]

pp → tt̄+jets Powheg Box v2 [56] NNLO Pythia 8.230 A14 NNLO+NNLL [57–62]

pp → t+jets / tW +jets Powheg Box v2 NNLO Pythia 8.230 A14 NNLO+NNLL [63–65]

pp → V V +jets Sherpa 2.2.1–2.2.2 [66] NNLO Sherpa Default NLO

Table 1. Overview of the simulated background samples. The simulated vector bosons, V , are
massive W and Z bosons. The NNPDF3.0nlo [51] parton distribution functions (PDF) set is used.

sample, where the cross-section calculated by the Sherpa event generator was retained. For
the Sherpa sample of single vector bosons produced in association with jets (V +jets), virtual
electroweak loop-terms were included at next-to-leading-order (NLO) accuracy.

The SUSY event samples were generated with MadGraph5_aMC@NLO 2.8.1 [53] at
leading order (LO) in the strong coupling constant (αs) with up to two additional partons
using the NNPDF3.0nlo [51] parton distribution function (PDF) set and were showered
and hadronized with Pythia 8.244 [54] using the A14 set of tuned parameters (tune) in
Pythia [55]. Samples with a small mass difference between the top squark and χ̃0

1 (up to
140 GeV) were generated at a later point in time with MadGraph5_aMC@NLO 2.9.5 and
then interfaced with Pythia 8.306. The matrix element (ME) calculation was performed at
tree level including the emission of up to two additional partons. The matching between
the ME and the parton shower was implemented using the CKKW-L prescription [67], with
the matching scale set to a quarter of the top/charm squark mass. These samples were
also processed with EvtGen 1.7.0.

The top squark and charm squark signal cross-sections were calculated from pair
production of scalar colored particles and with the gluino assumed to be massive enough to not
significantly contribute to the production process. Consequently, each production cross-section
depends only on the squark mass. These cross-sections are computed at approximate next-to-
next-to-leading-order (NNLO) accuracy in αs with resummation of next-to-next-to-leading
logarithmic (NNLL) soft gluon terms [68–71].

The samples with pair-produced scalar LQs were generated with matrix elements
calculated at NLO accuracy in αs with MadGraph5_aMC@NLO 2.6.0 [53], using the
method described in ref. [27], in which NLO matrix elements [28, 29] are interfaced to
Pythia 8.230. The total cross-sections of scalar LQ pair production were computed at
approximate NNLO accuracy in αs with resummation of NNLL soft gluon terms [68–71]. The
cross-sections do not include lepton t-channel contributions, which are neglected in ref. [27] and
may lead to corrections at the percent level [72]. For vector-LQ pair production, the matrix
elements were calculated at LO in αs following the model described in ref. [25], and events
were generated using MadGraph5_aMC@NLO 2.9.5 in conjunction with Pythia 8.306.
Parton luminosities were provided by the five-flavor scheme NNPDF3.0nlo PDF set and
the underlying event was modelled with the A14 tune in Pythia. These samples were also
processed with EvtGen 1.7.0.
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4 Event reconstruction

Events are required to have a primary vertex reconstructed from at least two tracks with
transverse momentum pT > 0.5 GeV. If more than one such vertex is found, the one with
the largest sum of squares of transverse momenta of associated tracks is selected as the
hard-scattering collision [73]. The other vertices are considered as pile-up.

Hadronic jet candidates are reconstructed using the anti-kt jet algorithm [74, 75] with
radius parameter R = 0.4, using particle-flow objects (PFOs) [76] as inputs. PFOs are charged-
particle tracks matched to the hard-scatter vertex with the requirement |z0 sin(θ)| < 2.0 mm

(where z0 is the longitudinal impact parameter) and calorimeter energy clusters surviving
an energy subtraction algorithm that removes the energy contributions deposited by good
quality tracks from any vertex. Jet energy scale corrections, derived from MC simulation
and data, are used to calibrate the average energies of jet candidates to the scale of their
constituent particles [77]. Jets with pT > 20 GeV and |η| < 4.5 are used to calculate the
missing transverse momentum [78], while jets with |η| < 2.8 are considered to be “signal” jets.
Jets containing a large particle momentum contribution from pile-up vertices, as measured
by the jet vertex tagger (JVT) discriminant [79], are rejected if they have pT < 60 GeV,
|η| < 2.5 and a discriminant value of JVT < 0.5.

Jets can be identified as c-tagged or b-tagged jets if they lie within the inner-detector
acceptance of |η| < 2.5. To identify jets containing c-hadrons, the charm-tagging algorithm
DL1rc, optimized for a similar search [34], is used. The DL1rc algorithm is based on the
ATLAS DL1r algorithm [80], which uses a selection of inputs associated with the jet including
information about the impact parameters of ID tracks, the presence of displaced secondary
vertices, and the reconstructed flight paths of b- and c-hadrons inside the jet. The algorithm
provides three probabilities for a jet to either contain b-hadrons, c-hadrons, or light-flavor
hadrons. These three probabilities are combined in a similar way to the b-tagging algorithm,
but with fine-tuned parameters specifically optimized for identifying jets containing c-hadrons
but not b-hadrons; the fb parameter was set to 0.28. The DL1r b-tagging algorithm is used
to identify b-jets which are no longer considered as potential c-jet candidates. The DL1r
algorithm has 77% identification efficiency for b-jets and 20% and 0.9% misidentification
probabilities for c-jets and light-flavor jets, respectively, evaluated in a sample of simulated
SM tt̄ events. The c-tagging algorithm (referred to as “c-tagging with b-veto”) is tuned to
have an efficiency of 20% by requiring that the final DL1rc discriminant be greater than
1.315. This corresponds to rejection factors of 29 for b-jets and 57 for light-flavor jets; and
a τ -lepton misidentification efficiency of 15%. These efficiencies and rejections factors are
determined with a sample of simulated tt̄ events. Both the simulated c-jet identification
efficiency and misidentification probabilities are corrected to match those measured in data.
The approach employed is similar to that for b-tagging [81–83]. Between pT ranges of 20 GeV
and 250 GeV, the scale factors are compatible with unity for all jet-flavor corrections. For
c-jets, the systematic uncertainties range from 17% for pT < 65 GeV to a few percent for
higher-pT jets (up to 3 TeV), while for b-jets and light-flavor jets, the uncertainties are 5-7%
and approximately 13%, respectively, for all pT ranges below 3 TeV. For b- and c-jets with
pT > 3 TeV, the uncertainties on the scale factors are up to 30%.

– 6 –
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Electron candidates are constructed from energy deposits in the EM calorimeter matched
to an ID track. “Baseline” electron candidates, which are used to veto events with electrons,
must pass a loose likelihood-based identification selection [84] and have pT > 4.5 GeV and
|η| < 2.47. The longitudinal impact parameter of the ID track associated with a “baseline”
electron is required to satisfy |z0 sin(θ)| < 0.5 mm. Electrons used for regions rich in
the dominant SM background processes with prompt electrons (i.e. W+jets and Z+jets)
must meet further selection criteria: pT > 10 GeV, “Loose” isolation [84], |d0/σ(d0)| < 5

where d0 is the transverse impact parameter and σ(d0) is its uncertainty, and the “Tight”
likelihood-based identification selection [84]. Electrons satisfying these criteria are referred
to as “signal” electrons.

Muon candidates are found by combining track segments from the inner detector and
muon spectrometer or by extrapolating from the forward sections of the muon spectrometer,
in the region 2.5 < |η| < 2.7. “Baseline” muon candidates, which are used to veto events with
muons, are required to pass “Medium” identification [85] and have pT > 4 GeV, |η| < 2.7,
and |z0 sin(θ)| < 0.5 mm. Muons passing the more stringent “Loose_VarRad” isolation [85],
|d0/σ(d0)| < 3, and pT > 10 GeV requirements are referred to as “signal” muons.

Hadronically decaying τ -leptons are reconstructed from jets with pT > 10 GeV and either
|η| < 1.37 or 1.52 < |η| < 2.5 [86]. In addition, τ -lepton candidates must have pT > 20 GeV,
one or three charged-particle tracks, and tracks with a total electric charge of ±1 times
the electron charge. The τ -leptons are also required to meet the “Loose” criterion of the
neural-network-based identification algorithm [87].

To prevent double-counting of electrons as jets, jets within ∆R = 0.2 of an electron are
not considered further unless the jet is b-tagged; b-tagged jets are removed if the overlapping
electron has pT > 100 GeV, otherwise the electron is removed. Muons are not counted if
they are within ∆R = (0.04 + 10 GeV/pT(jet)) of a jet. This criterion is applied to remove
muons from decays of b- and c-hadrons but retain high-pT muons resulting from decays of
high-pT massive particles, which tend to be less isolated than muons from decays of low-pT

massive particles. Electrons that share an inner-detector track with a muon are discarded. If
a τ -lepton candidate is found to overlap (∆R < 0.2) with a muon or electron, the τ -lepton
is removed. Jets within ∆R = 0.4 of a τ -lepton are removed. This removal of overlapping
objects is only performed for baseline objects.

The missing transverse momentum p⃗miss
T , with magnitude Emiss

T [88], is calculated as
the negative vector sum of the transverse momenta of jets, τ -leptons, electrons, and muons.
Photons are counted as jets since they are not considered in this search. To account for the
underlying event, the missing transverse momentum computation also considers tracks with
pT > 0.5 GeV that are associated with the primary vertex but not with any reconstructed
particle or jet.

The significance of missing transverse momentum, denoted by Emiss
T Sig., is the ratio of

Emiss
T to its variance [89]. The variance is calculated using the pT resolution of each component

used to evaluate the Emiss
T . The correlation between the components is also included.
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5 Event selection

The search uses simulated data to design signal regions that have sensitivity to the SUSY
models of interest. Control regions that have high purity in particular background processes
are used to estimate major background contributions; their normalizations are determined by
the data and are extrapolated to the signal regions using simulation. The control regions are
designed to not overlap with the signal regions, to have selection criteria similar to those of the
signal regions so as to reduce uncertainties from the extrapolation, and to have only a small
contamination from signal processes. In addition to the signal and control regions, validation
regions are used to validate the background modelling before examining the recorded data
in the signal regions (unblinding). Detailed descriptions of the statistical data analysis and
how the SM backgrounds are constrained with a fit are provided in section 7.

5.1 Signal regions

To maximize the discovery potential, the search uses two sets of signal regions targeting two
drastically different kinematic regions: High-Mass and Compressed. The signal regions were
designed using simulated event samples to maximize the expected sensitivity. The High-Mass
signal regions are sensitive to leptoquark models and SUSY models with large leptoquark or
top/charm squark masses (≳ 600 GeV) and a large difference between the top/charm squark
and LSP masses (≳ 200 GeV); here Emiss

T -based variables are relied upon to separate signal
events from background events. The Compressed signal regions are sensitive to SUSY models
with both smaller top squark masses and compressed spectra, ∆m(t̃1, χ̃0

1) ≲ 175 GeV; here the
presence of high-momentum jets originating from ISR and Recursive Jigsaw Reconstruction
(RJR) [31] are used to suppress the SM background. The High-Mass and Compressed regions
do not overlap because the High-Mass regions require the leading jet to be a c-tagged jet
while the Compressed regions require the leading jet not to be c-tagged.

The signal models targeted in this search are expected to produce events that have
significant Emiss

T — even in the Compressed region for which additional jet activity boosts
the neutralinos resulting in large Emiss

T — so all events are required to have Emiss
T > 250 GeV.

The signal processes do not produce any leptons, so events containing electrons, muons, or
τ -leptons are vetoed. All regions require at least one jet with pT > 250 GeV. For High-Mass
signal regions, all jet-related variables are computed using jets with pT > 40 GeV. At
least two jets must be present, and at least one must be identified as a c-tagged jet. To
reject backgrounds originating from top-quark-pair (tt̄) decays, events with b-tagged jets
are discarded. Finally, the minimum azimuthal angle separation (∆ϕ) between the (up
to) four leading jets and the p⃗miss

T (∆ϕ(p⃗miss
T , p⃗T(j4))) is required to be greater than 0.4 to

reject multijet backgrounds, reducing them to negligible levels such that they need not be
considered further in this search.

Three non-overlapping High-Mass signal regions, named SR-HM1, SR-HM2 and SR-
HM3, are defined as shown in table 2. The SUSY scenario with B(t̃1/c̃1 → c + χ̃0

1) = 1

and m(t̃1, χ̃0
1) = (1000, 1) GeV is used to optimize the selection for SR-HM1, while the

scenario with m(t̃1, χ̃0
1) = (700, 400) GeV is used to optimize the selection for SR-HM2 and

SR-HM3. For Compressed signal regions, all jet-related variables are computed using jets with
pT > 20 GeV. All signal models are expected to produce two c-tagged jets, so all three regions

– 8 –
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Variable SR-HM1 SR-HM2 SR-HM3 SR-HM-Disc

Number of leptons = 0

Jet pT [GeV] > 40

Number of b-tagged jets = 0

pT(j1) [GeV] > 250

∆ϕ(p⃗miss
T , p⃗T(j4)) > 0.4

Number of c-tagged jets ≥ 2

Leading jet is c-tagged yes

mmin
T (c) [GeV] > 300

pT(j2) [GeV] > 200 > 150

mcc [GeV] > 200 200−400 400−600 > 200

Emiss
T Sig. > 22 15−22 > 15

Table 2. Requirements of the SR-HM1–3 High-Mass regions, which are aimed at signal models with
high top squark mass (≳ 600 GeV), and SR-HM-Disc which is aimed at a broad range of models.

require the presence of at least two c-tagged jets. Additionally, the signal models which are
used to optimize the High-Mass signal regions are expected to have highly energetic c-tagged
jets, motivating the requirement that the leading jet be c-tagged and that the subleading jet
have a pT (pT(j2)) of at least 150 GeV. Standard Model background contributions with two
c-tagged jets originating from real charm quarks are expected to be produced by processes
such as g → cc̄, where g is a gluon, and mcc, the invariant mass of the two highest-pT c-tagged
jets, is expected to have a falling spectrum. Thus, SR-HM1, SR-HM2, and SR-HM-3 require
mcc to be at least 200 GeV. Different mcc requirements are made in SR-HM2 and SR-HM3
to target signal samples with ∆m(t̃1, χ̃0

1) ∼ 300 GeV and ∼ 400 GeV, respectively. An upper
bound on mcc was added to SR-HM3 to reject V +jets backgrounds where mcc falls less steeply
than in the signal samples above mcc ∼ 600 GeV. The minimum transverse mass mmin

T (c),

where mT(c) =
√

2pT(c) × Emiss
T × (1 − cos ∆ϕ(c, p⃗miss

T )) is calculated for each c-tagged jet, is
required to be at least 250 GeV to reject W (→ τν)+jets backgrounds containing hadronically
decaying τ -leptons misidentified as c-tagged jets. Finally, various Emiss

T Sig. requirements
are imposed to target signal models which are expected to have different kinematics. In
addition to SR-HM1, SR-HM2, and SR-HM3, a signal region SR-HM-Disc with less stringent
requirements is defined and is only used to set model-independent cross-section limits.

Four Compressed signal regions, named SR-Comp1, SR-Comp2, SR-Comp3 and SR-
Comp-1c, are defined as shown in table 3. All Compressed signal regions are orthogonal to
the High-Mass signal regions as the leading jet is required to not be c-tagged. The most
compressed SUSY scenarios, with ∆m(t̃1, χ̃0

1) ≈ 20 −50 GeV, are targeted with SR-Comp1
and SR-Comp-1c. SUSY scenarios with ∆m(t̃1, χ̃0

1) ≈ 80 GeV are targeted with SR-Comp2,
and a looser, more general signal region, SR-Comp3, is designed to target a wide range of
larger mass splittings 50 GeV ≲ ∆m(t̃1, χ̃0

1) ≲ 175 GeV. At least two c-tagged jets are required
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Variable SR-Comp1 SR-Comp2 SR-Comp3 SR-Comp-1c

Number of leptons = 0

Jet pT [GeV] > 20

Number of b-tagged jets = 0

pT(j1) [GeV] > 250

∆ϕ(p⃗miss
T , p⃗T(j4)) > 0.4

Number of c-tagged jets ≥ 2 = 1

Leading jet is c-tagged no

mmin
T (c) [GeV] — > 80 > 120 < 250

mcc [GeV] — > 100 —

pCM
T [GeV] — < 10

mV [GeV] — < 80

∆ϕ(p⃗miss
T , j1) — > 2

NS
c-jets ≥ 2 = 1

pISR
T [GeV] > 550 > 500 > 400 > 700

RISR > 0.85 0.75−0.85 > 0.65 0.9−1.0

Table 3. Requirements of the Compressed signal regions that target signal models with top-squark-
neutralino mass differences between 20 GeV and 175 GeV.

for SR-Comp1, while only one is required for SR-Comp-1c to increase signal contributions
for the low-pT regime where the c-tagging efficiency decreases. SR-Comp-1c also has a
requirement of ∆ϕ(p⃗miss

T , j1) > 2 on the azimuthal angle separation between the leading jet
and the p⃗miss

T . In SR-Comp3, selections on mmin
T (c) and mcc improve background rejection,

with the latter serving to reduce background contributions from g → cc̄. There is some
overlap between the Compressed signal regions: SR-Comp3 overlaps with SR-Comp1 and
SR-Comp2, but SR-Comp1, SR-Comp2, and SR-Comp-1c are all orthogonal to one another,
and SR-Comp-1c is orthogonal to SR-Comp3. Recursive Jigsaw Reconstruction [90] is used
in the Compressed signal regions to enhance background rejection. In the presence of an
ISR system, which consists of one or more jets produced by initial-state radiation, the t̃1t̃1

or c̃1c̃1 system is boosted in the transverse plane. Kinematic variables are then defined
appropriately for the assignment of objects to either the ISR system or the sparticle (squarks
plus LSPs) system. This method is equivalent to grouping the event objects according to the
axis of maximum back-to-back pT in the event’s centre-of-mass (CM) frame, where the pT of
all objects sums vectorially to zero. The technique provides a suite of variables which are
leveraged in the Compressed signal regions and include RISR, which is the projection of the
invisible system’s pT direction vector onto the ISR system’s pT direction vector. The ISR
and sparticle systems tend to be approximately back-to-back in compressed SUSY events,
resulting in RISR values close to unity, while SM backgrounds tend to populate a wider
range of RISR values. The vector sum of the jets’ transverse momenta in the ISR frame,
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pISR
T , is also used to reject background. For SM backgrounds, pISR

T has a smoothly falling
distribution, while for compressed SUSY signal models, a peak at higher pISR

T is seen, with
the location of the peak typically being related to the mass of the parent SUSY particle. The
number of c-tagged jets assigned to the sparticle (S) frame of the ISR decay tree, NS

c-jets,
is also utilized as a discriminating variable. To suppress the increased SM contributions,
SR-Comp-1c requires more stringent selections on RISR and pISR

T , and additional selections
are also imposed on pCM

T , the transverse momentum of the CM frame as evaluated in the
laboratory frame, and mV, the invariant mass of objects assigned to the visible (V) system.

Model-independent cross-section limits are set in the signal regions with the least stringent
requirements (SR-HM1, SR-Comp3, and SR-HM-Disc) to search for any “beyond the Standard
Model” (BSM) contributions. SR-HM-Disc has requirements similar to those in the other
SR-HM regions, but it has a less stringent requirement on mcc (mcc > 200 GeV) and lacks
the upper bound on Emiss

T Sig. applied in SR-HM2 and SR-HM3 (see table 2).

5.2 Background estimation and the control regions

The dominant backgrounds in all the signal regions are from processes with W or Z bosons
produced in association with jets, with the bosons decaying as W → ℓν or Z → νν

and producing real missing transverse momentum. The Z+jets background has similar
contributions from Z + cc̄, Z + cj, and Z + jj (where j indicates a non-charm quark) in all
signal regions except SR-Comp-1c, where the Z + jj background dominates. The W+jets
background has larger contributions from the W +cj and W +jj components than from W +cc̄.
To reduce the systematic uncertainties, these backgrounds are estimated by extrapolating
production-rate correction factors from the control regions (CRs) to the signal regions using
the simulated samples. The extrapolation is performed in lepton multiplicity as illustrated in
figure 2 while other requirements in the CRs are made to be as close as possible to those in the
signal regions. The normalization of the Z+jets and W +jets backgrounds is performed in situ

with the two-lepton (CRZ) and one-lepton (CRW) control regions, respectively. Three groups
of CRs are designed for each background contribution: one set of CRs for the High-Mass
signal regions, one set for the Compressed signal regions with two c-tagged jets, and one set for
the Compressed signal region with one c-tagged jet. Contamination from signal processes was
checked and found to be negligible in the defined CRs. Background processes that contribute
less significantly are not normalized using control regions but using calculated cross-sections
and include processes involving top quarks and multiple vector bosons. These processes are
grouped together and referred to as “Other” processes in the remainder of this document.

The data for the Z+jets control regions (CRZ) were collected with the lowest unprescaled
single-electron and single-muon triggers. These triggers have nearly constant efficiency for
leptons with a pT (pT(ℓ1)) greater than 27 GeV. To ensure a high-purity sample of Z+jets
events, the invariant mass of the two signal leptons is required to be consistent with the
mass of the Z boson (76 GeV < mℓℓ < 106 GeV). Further details of the CRZ selection
are shown in table 4.

For all and only the Z+jets control regions, Emiss
T and all the other variables that use it

(including Emiss
T Sig.) treat the leptons as invisible by subtracting their contribution from the

p⃗miss
T computation; these variables are indicated with a prime (′). The treatment of the two
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(a) (b) (c)

Figure 2. Phase-space partitioning between the signal, control, and validation regions for the (a)
High-Mass signal regions, (b) Compressed signal regions SR-Comp1, SR-Comp2 and SR-Comp3, and
(c) SR-Comp-1c. Control regions differ from the signal and validation regions by the electron and
muon multiplicities (exactly one electron or muon in the W +jets control regions and two electrons or
muons in the Z+jets regions) while the validation regions veto events with leptons as in the signal
regions. The asterisk in “SR-Comp*” is a wildcard character to denote all the Compressed signal
regions which require two c-tagged jets.

leptons as invisible particles emulates the dominant contribution from Z → νν decays. To
avoid significant extrapolation uncertainties between signal and control regions related to
jet flavor composition, the requirements on the number of c-tagged jets (= 1 or ≥ 2) and
on mmin′

T (c) are kept as close as possible to those in the Compressed signal regions while
also ensuring that the CRs provide sufficiently small statistical uncertainty in the Z+jets
production rate. Distributions of selected kinematic observables are shown in figure 3. These
distributions illustrate the accuracy of the simulated samples’ modelling of the data.

The W +jets control regions (CRW) require exactly one signal electron or muon. To keep
the kinematic selection in the CRWs and the corresponding signal regions similar, all the
CRWs require events to pass the Emiss

T trigger and to have Emiss
T > 250 GeV. To ensure a high

purity of W+jets background and to avoid contamination from tt̄ processes, CRW-Comp
includes a veto on events that include a τ -lepton. CRW-Comp has a higher contamination
from tt̄ than is seen in CRW-HM because of the former’s lower mmin

T (c) requirement, which
is made to match the requirements in SR-Comp. CRW-Comp-1c contains events that have
different kinematics due to its one-c-tag and high-pT-ISR requirements, and thus does not
require additional tt̄ rejection from a τ -lepton veto. A detailed description of all the CRW
selections is shown in table 5. Figure 4 shows the distributions of the main kinematic variables
used for extrapolation from the CRWs to the Compressed signal regions.

5.3 Validation of background estimates

The validation regions are used to test the accuracy of the procedure used to extrapolate the
background from the control region to the signal regions before unblinding data in the signal
regions. The parameter used in the extrapolation between the control and signal regions
is the electron and muon multiplicity. Therefore, the validation regions veto events with
leptons as do the signal regions. The validation regions are designed to have a background
composition that consists of the dominant background processes expected in the signal regions,
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Variable CRZ-HM CRZ-Comp CRZ-Comp-1c

Used for SR-HM SR-Comp SR-Comp-1c

pT(j1) > 250 GeV > 350 GeV

Number of c-tagged jets ≥ 2 = 1

Leading jet is c-tagged yes no

Number of signal muons/electrons = 2

Passed single-electron/muon triggers yes

pT(ℓ1) [GeV] > 30

mℓℓ [GeV] 76−106

Emiss
T [GeV] < 200

Emiss′

T [GeV] > 200

mcc [GeV] > 150 —

mmin′

T (c) [GeV] > 150 — < 250

Emiss′

T Sig. > 10 —

NS′

c-jets — ≥ 1 = 1

R′

ISR — > 0.75 0.9−1.0

pISR′

T [GeV] — > 550

∆ϕ(p⃗miss′

T , j1) — > 2

Table 4. Requirements of the Z+jets control regions for SR-HM1, SR-HM2, and SR-HM3 (CRZ-HM),
SR-Comp1, SR-Comp2, and SR-Comp3 (CRZ-Comp), and SR-Comp-1c (CRZ-Comp-1c). Variables
that are calculated using Emiss

T
(including Emiss

T Sig.) use an Emiss

T
variant that includes contributions

from electrons/muons that are treated as invisible, and are indicated by a prime (′).

i.e. Z+jets and W+jets. The validation regions are orthogonal to the signal regions and
control regions and have sufficient event yields to test the extrapolation procedure with
reasonable accuracy. The validation regions are also designed to avoid large contamination
from any signal model considered in this search, with less than 20% contamination seen for
the models not excluded by the previous ATLAS search.

To validate the extrapolation of the backgrounds from the control regions CRW-HM
and CRZ-HM to the High-Mass signal regions SR-HM1, SR-HM2 and SR-HM3, a single
validation region VR-HM is used, with an expected Z+jets and W+jets contribution of
45% and 26%, respectively. The requirements for VR-HM are the same as in the signal
region, except for changes which reduce the signal contamination such as a reversal of
the mcc requirement, an absence of Emiss

T Sig. and pT(j2) requirements, and a less stringent
requirement of mmin

T (c) > 200 GeV (as compared to mmin
T (c) > 300 GeV in the signal regions).

The normalization procedure for Compressed regions that require at least two charm-
tagged jets, i.e. SR-Comp1, SR-Comp2, and SR-Comp3, is validated in one region, VR-Comp.
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(a) (b)

(c) (d)

Figure 3. Distributions showing the level of agreement the between data (points) and the SM
expectation (stacked histograms, after simultaneously fitting the Z+jets and W+jets backgrounds)
in the Z+jets control regions for some variables which have different selection criteria in the signal
regions: (a) Emiss

T Sig. in CRZ-HM, (b) mcc in CRZ-HM, (c) pISR
′

T
in CRZ-Comp, and (d) pISR

′

T
in

CRZ-Comp-1c. The hatched uncertainty band around the total SM expectation includes theory-based
and detector-related systematic uncertainties and MC statistical uncertainties. Processes with top
quarks and multiple vector bosons are included in “Other”. The W+jets background contribution is
negligible and not visible in the plots. The right-most bin in each histogram does not include the
overflow entry but the x-axis range is chosen to include all observed data.

This region is orthogonal to the signal regions and has low signal contamination because it has
a reversed pISR

T requirement (pISR
T < 400 GeV). The other requirements, including the veto on

events with leading c-tagged jets that makes the Compressed regions orthogonal to the High-
Mass regions, are kept the same as in the signal regions, with the following four exceptions.
The c-tagged jet multiplicity in the sparticle frame, NS

c-jets, is loosened to be greater than
or equal to one (rather than two in the signal regions). The requirement on RISR is also
less stringent in VR-Comp (RISR > 0.65) than in SR-Comp1 (RISR > 0.85) and SR-Comp2
(0.75 < RISR < 0.85) but is the same as in SR-Comp3. Additionally, mmin

T (c) is required to be
greater than 80 GeV in VR-Comp, whereas there is no requirement on mmin

T (c) in SR-Comp1.
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Variable CRW-HM CRW-Comp CRW-Comp-1c

Used for SR-HM SR-Comp SR-Comp-1c

pT(j1) [GeV] > 250 > 350

Number of c-tagged jets ≥ 2 = 1

Number of signal muons/electrons = 1

Passed Emiss
T trigger yes

Emiss
T [GeV] > 250

mcc [GeV] > 200 —

mmin
T (c) [GeV] > 200 > 120 < 250

Emiss
T Sig. > 14 —

Leading jet is c-tagged yes no

NS
c-jets — ≥ 1 = 1

pISR
T [GeV] — > 400 > 550

RISR — > 0.65 0.9−1.0

τ veto — yes —

∆ϕ(p⃗miss
T , j1) — > 2

Table 5. Requirements of the W+jets control regions for SR-HM1, SR-HM2, and SR-HM3 (CRW-
HM), SR-Comp1, SR-Comp2, and SR-Comp3 (CRW-Comp), and SR-Comp-1c (CRW-Comp-1c).

SR-Comp2 also requires a minimum of 80 GeV, and SR-Comp3 requires mmin
T (c) > 120 GeV.

Finally, no requirement is made on mcc in VR-Comp, as is the case in SR-Comp1 and
SR-Comp2, but which differs from the mcc > 100 GeV requirement in SR-Comp3.

The one-c-tag validation region is identical to SR-Comp-1c with the exception of the
defining reversal of the pISR

T requirement relative to the signal region and the widening of
the RISR window from 0.9 < RISR < 1.0 in SR-Comp-1c to 0.85 < RISR < 1.05. The full
set of selections for all validation regions is shown in table 6, while distributions of the
main kinematic variables that differ between the validation regions and the signal regions
are shown in figure 5.

6 Systematic uncertainties

The effect of systematic uncertainties is taken into account for the limited accuracy of the
background and signal predictions. To properly treat correlations of uncertainties across the
signal and control regions, the uncertainties are separated by source. There are uncertainties
for the simulated detector response, integrated luminosity [43], number of simulated events,
predicted cross-sections, parton distribution functions, underlying event and minimum-bias
pp collisions, parton hadronization models, limited accuracy of matrix element and parton
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(a) (b)

(c) (d)

Figure 4. Distributions showing the level of agreement between the data (points) and the SM
expectation (stacked histograms, after simultaneously fitting the Z+jets and W+jets backgrounds)
in the W+jets control regions for some variables which have different selection criteria in the signal
regions: (a) Emiss

T Sig. in CRW-HM, (b) pT of leading lepton in CRW-HM, (c) pISR

T
in CRW-Comp,

and (d) pISR

T
in CRW-Comp-1c. The hatched uncertainty band around the total SM expectation

includes theory-based and detector-related systematic uncertainties and MC statistical uncertainties.
Processes with top quarks and multiple vector bosons are included in “Other”. The Z+jets background
contribution is negligible and not visible in the plots. The right-most bin in each histogram does not
include the overflow entry but the x-axis range is chosen to include all observed data.

shower calculations, and experimental effects. Below is a discussion of the most relevant
sources of uncertainty affecting the search.

The uncertainty in the measured c-tagging efficiency is one of the dominant sources
of uncertainty because all the signal and control regions require events with one or more
c-tagged jets. The simulated event samples are reweighted so that the predicted and measured
identification efficiencies of c-tagged jets are identical and so the uncertainties are propagated.
The uncertainty in the c-tagging efficiency also depends on the jet pT and whether the tagged
jet is initiated by a b-quark, c-quark, or light quark [81–83].
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Variable VR-HM VR-Comp VR-Comp-1c

Validates backgrounds in SR-HM SR-Comp SR-Comp-1c

Number of c-tagged jets ≥ 2 = 1

Passed Emiss
T trigger yes

Emiss
T [GeV] > 250

mcc [GeV] > 200 —

mmin
T (c) [GeV] > 200 > 80 > 100

Leading jet is c-tagged yes no

NS
c-jets — ≥ 1 = 1

pISR
T [GeV] — < 400

RISR — > 0.65 0.85−1.05

τ veto yes

∆ϕ(p⃗miss
T , j1) — > 2

pCM
T [GeV] — < 10

mV [GeV] — < 80

Table 6. Requirements of the validation regions.

The uncertainties in the predicted jet energies are driven by the accuracy of the measured
jet energies and resolution [77]. There is an uncertainty in the contribution from jets that
originate from the overlapping pp interactions but are mistakenly counted as coming from the
hard scatter [79]. This includes the efficiency of identifying jets originating from secondary
pp interactions and the accuracy of simulated minimum-bias interactions.

The theoretical uncertainties for the W +jets and Z+jets backgrounds are estimated with
Sherpa. Uncertainties due to inaccuracies in the matrix element calculation and parton
showering are estimated by varying the generator’s parameters. The envelope of the associated
predicted distributions is taken as the uncertainty. The matrix element matching scale is
varied between 15 GeV and 30 GeV. Its nominal value is 20 GeV. The renormalization and
factorization scales are varied by factors of 0.5 and 2 independently. The impact of the PDF
uncertainties is taken into account in addition to the generator uncertainties.

The secondary backgrounds such as top-quark pairs produced in association with jets [91]
and vector-boson pairs produced in association with jets, labeled as “Other” in the figures and
tables, have a minor effect on the total background estimate. A normalization uncertainty of
25% is assigned and treated as fully correlated across regions. This uncertainty estimate, is
meant to cover cross-section normalization and modeling uncertainties and does not contribute
significantly to the total uncertainty. Treating the uncertainty uncorrelated between regions
was found to increase the total expected background contribution by at most one standard
deviation in SR-Comp2 and SR-Comp3 with a negligible effect on the final result.
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(a) (b)

(c) (d)

Figure 5. Distributions, in various validation regions, showing the level of agreement between the
data (points) and the SM expectation (stacked histograms, after simultaneously fitting the Z+jets
and W +jets backgrounds) for variables which have different selection criteria in the signal regions: (a)
Emiss

T Sig. in VR-HM, (b) mmin
T (c) in VR-HM, (c) RISR in VR-Comp, and (d) RISR in VR-Comp-1c.

The hatched uncertainty band around the total SM expectation includes theory-based and detector-
related systematic uncertainties and MC statistical uncertainties. Processes with top quarks and
multiple vector bosons are included in “Other”. The right-most bin in each histogram does not include
the overflow entry but the x-axis range is chosen to include all observed data.

Additionally, for signal predictions (i.e. SUSY and LQ), theoretical uncertainties are taken
as an envelope of the results obtained when varying the factorization and renormalization
scales independently by factors of 0.5 and 2. The Var3c parameter (which corresponds
to the strong coupling parameter, αs, used for ISR) of the A14 underlying-event tune is
also varied. The contribution from these uncertainties is largest in the compressed regions,
where it reaches 20%.
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7 Results and interpretation

A statistical analysis of the data is performed with a simultaneous likelihood fit [92–94] to
the number of signal and background events in the control and signal regions; effects of
systematic uncertainties are included through nuisance parameters that change the expected
contributions across regions in a correlated manner. The likelihood probability is calculated
by combining Poisson probabilities for the signal, validation, and control regions with a
Gaussian probability distribution for each systematic uncertainty. The W+jets and Z+jets
background normalizations are free-floating in the fit, with three normalization factors for
each (i.e. for High-Mass, Compressed, and one-c-tag regions).

A “background-only” fit is performed for the High-Mass (CRZ-HM, CRW-HM),
Compressed (CRZ-Comp, CRW-Comp), and one-c-tag (CRZ-Comp-1c, CRW-Comp-1c)
regions using the likelihood in the control regions and extrapolating the normalization of
Z+jets and W+jets contributions into the validation or signal regions (thus not considering
the data yield in the signal and validation regions). The fitting strategy reduces systematic
uncertainties in the signal regions because the control regions are chosen to minimize the
extrapolation uncertainties. Thus the effect on the W +jets and Z+jets background estimates
due to systematic uncertainties is similar in the control and signal regions and partially
cancels out. This strategy is especially effective in the High-Mass regions, where the total
uncertainty of the SM backgrounds is reduced from 30%–37% to 13%–17%. The systematic
uncertainties that contribute the most to the total post-fit uncertainty are related to c-tagging
and V +jets theoretical uncertainties. Theoretical systematic uncertainties are dominated by
the variations of the scales, with contributions to the total uncertainty ranging from 14% to
36%, while the largest contributions from c-tagging-related systematic uncertainties to the
total uncertainty of the background estimate in the signal regions range from 8% to 14%.

No significant excesses over the expected SM backgrounds in the validation and signal
regions are observed when considering all statistical and systematic (experimental and theory)
uncertainties, as shown in tables 7 and 8 and figure 6. The extracted normalization factors
for the W+jets and Z+jets backgrounds are shown in table 9 and are generally consistent
with unity given their associated uncertainties, with the normalization factors for W+jets
background being larger across all control regions. Selected kinematic distributions in the
signal regions are shown in figure 7.

The exclusion fit is performed for each signal model individually, using the signal and
control regions. For SUSY models, the two statistical combinations considered use the three
High-Mass signal regions with non-overlapping Compressed signal regions: the first combines
SR-HM1, SR-HM2, SR-HM3, SR-Comp1, SR-Comp2, and SR-Comp-1c, while the second
combines SR-HM1, SR-HM2, SR-HM3, SR-Comp3, and SR-Comp-1c. For both combinations,
all six control regions are used to estimate the background contributions. To maximize the
exclusion power of the two configurations, the combination with the lowest expected CLS [96]
value is chosen for the final result. The expected sensitivity is calculated by generating
pseudo-experiments that assume an absence of BSM signals. Exclusion limits are set at 95%
confidence level (CL) and are shown for the considered SUSY models in figure 8. The expected
exclusion limits from this search exceed those from the previous ATLAS search that used
c-tagging [30] (grey-filled contour and dashed line in figure 8), while being complementary to
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CRW-HM CRZ-HM VR-HM

Z+jets 0.66 ± 0.12 74 ± 9 31 ± 5

W+jets 90 ± 11 0.030 ± 0.009 22 ± 4

Other 15 ± 4 6.6 ± 1.8 17 ± 5

Total SM 106 ± 10 81 ± 9 70 ± 8

Observed 106 81 65

SR-HM1 SR-HM2 SR-HM3 SR-HM-Disc

Z+jets 5.2 ± 1.3 12.3 ± 3.4 14.7 ± 2.7 58 ± 9

W+jets 3.2 ± 0.7 9.8 ± 1.7 12.5 ± 2.1 43 ± 6

Other 0.88 ± 0.33 1.6 ± 0.6 2.2 ± 0.7 9.0 ± 2.5

Total SM 9.3 ± 1.6 24 ± 4 29 ± 4 110 ± 12

Observed 13 31 27 133

m(t̃1, χ̃0
1)=(1000, 1) GeV 6.6 ± 1.0 12.7 ± 2.1

m(t̃1, χ̃0
1)=(750, 450) GeV 17.3 ± 2.6 12.6 ± 2.1 41 ± 7

Table 7. Post-fit event yields for the High-Mass control, validation, and signal regions. The Z+jets
and W +jets backgrounds are normalized by fits within the control regions. Processes with top quarks
and multiple vector bosons are included in “Other”. Pre-fit event yields for a representative signal
point for each of the signal regions are also shown.

an ATLAS search for single squark production that did not utilize c-tagging [33] (green-filled
contour and dashed line in figure 8(a)) for mt̃1/c̃1

≲ 920 GeV and m(χ̃
0
1) ≳ 400 GeV, and

is also complementary to an ATLAS single-jet search [32] (cyan-filled contour and dashed
line in figure 8(b)) for ∆m(t̃1, χ̃0

1) ≳ 30 GeV.

Exclusion limits are also presented in figure 9 for an alternative interpretation in which
top squarks are pair produced and each decays into a neutralino and either a top or a charm
quark, with B(t̃1 → c + χ̃0

1) being varied between 0.1 and 1. Due to the b-jet veto imposed,
none of the signal and control regions are sensitive to the decay pathway producing a top
quark; nonetheless these decay modes are included in the simulated signal samples. Two cases
are studied: the mass of the neutralino is fixed to either 1 GeV or 200 GeV. The strongest
limits are set when the top squark decays only via the c + χ̃0

1 channel, as expected, with
top squark masses up to approximately 900 GeV being excluded at 95% CL in both cases.
The scenario in which m(χ̃

0
1) = 1 GeV presents a boosted decay topology over the entire

range of top squark masses considered, and as such, the major constraining power comes
from the High-Mass signal regions. A monotonic decrease in sensitivity is observed with
decreasing branching fraction to c + χ̃0

1. For m(χ̃
0
1) = 200 GeV neutralinos, the Compressed

signal regions gradually become more sensitive as the top squark mass decreases, causing
the change in behaviour near m(t̃1) = 500 GeV.

– 20 –



J
H
E
P
0
2
(
2
0
2
5
)
1
9
3

CRW-Comp CRZ-Comp CRW-Comp-1c CRZ-Comp-1c VR-Comp VR-Comp-1c

Z+jets 0.33 ± 0.12 26 ± 6 0.65 ± 0.18 38 ± 7 48 ± 12 48 ± 13

W+jets 41 ± 10 — 89 ± 11 — 71 ± 25 32 ± 11

Other 22 ± 6 3.9 ± 1.2 15 ± 4 4.0 ± 1.1 21 ± 6 2.8 ± 0.8

Total SM 63 ± 8 30 ± 5 105 ± 10 42 ± 6 139 ± 27 83 ± 17

Observed 63 30 105 42 141 76

SR-Comp1 SR-Comp2 SR-Comp3 SR-Comp-1c

Z+jets 0.9 ± 0.4 1.6 ± 0.9 3.1 ± 0.9 4.3 ± 1.2

W+jets 2.2 ± 1.0 1.3 ± 0.7 0.9 ± 0.6 2.8 ± 0.9

Other 0.56 ± 0.19 0.62 ± 0.20 1.04 ± 0.34 0.68 ± 0.29

Total SM 3.7 ± 1.2 3.5 ± 1.2 5.0 ± 1.2 7.9 ± 1.7

Observed 3 6 8 12

m(t̃1, χ̃0
1)=(600, 550) GeV 6.1 ± 1.3

m(t̃1, χ̃0
1)=(550, 470) GeV 6.0 ± 0.8

m(t̃1, χ̃0
1)=(550, 375) GeV 7.9 ± 2.1

m(t̃1, χ̃0
1)=(450, 430) GeV 11.2 ± 1.7

Table 8. Post-fit event yields for the Compressed control, validation, and signal regions. The Z+jets
and W +jets backgrounds are normalized by fits within the control regions. Processes with top quarks
and multiple vector bosons are included in “Other”. Pre-fit event yields for a representative signal
point in each signal region are also shown.

Region Normalization factor

HM Z+jets 1.0 ± 0.4

Comp Z+jets 1.0 ± 0.4

Comp-1c Z+jets 1.1 ± 0.4

HM W+jets 1.4 ± 0.6

Comp W+jets 1.3 ± 0.7

Comp-1c W+jets 1.6 ± 0.7

Table 9. Summary of the extracted normalization factors when considering only the likelihood in the
control regions for the High-Mass (HM) regions, the Compressed regions that require two c-tagged
jets (Comp), and the Compressed regions requiring exactly one c-tagged jet (Comp-1c). Uncertainties
include both the statistical and systematic components but do not include the extrapolation into the
signal region, which can reduce the total uncertainty. The W+jets normalization factors have larger
uncertainties because of the larger effect of theoretical uncertainties.
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Figure 6. Comparison of event yields for the data (points) and SM expectation (stacked histograms)
in all signal and validation regions after the background-only fits. The hatched uncertainty band
around the SM prediction represents the total uncertainty, i.e. combining the detector-related and
theory-based systematic uncertainties and the MC statistical uncertainties. The significance of the
difference between the data and the SM background prediction, calculated with the profile-likelihood
method described in ref. [95] and using the total uncertainty, is shown in the bottom panel. Processes
with top quarks and multiple vector bosons are included in “Other”.

Additional limits are set in terms of LQ models after performing a combined fit of the LQ
signals using only the High-Mass regions because of similarities in kinematics in the scenario
where the LSP is massless. In the case of scalar-LQ models, events were reweighted to span
the full range of branching fractions of the LQ decay into cν. Expected and observed exclusion
limits on the B(LQu → cνe) and B(LQu → cνµ) at 95% CL are presented in figure 10 as a
function of the leptoquark mass, with the observed upper limit on the production cross-section
shown on the z-axis. Leptoquarks with masses up to approximately 900 GeV are excluded.

Vector-LQ models are excluded at 95% CL up to masses of 950 GeV in the minimal
coupling scenario, and 1150 GeV for the Yang-Mills case, for an assumed branching fraction
of B(vLQu

23 → cντ ) = 0.5. Upper limits on the production cross-section for both the minimal
and Yang-Mills coupling scenarios are shown in figure 11, with the theoretical cross-section
at LO and the ±1σ interval (encompassing the effects of PDF, αs, renormalization and
factorization scale variations) shown in blue.

A model-independent fit is performed for signal regions with the least stringent
requirements: SR-HM1, SR-Comp3, and SR-HM-Disc. For the model-independent
interpretation, the SM background estimates are fit to the observed yields in both the
CRs and SRs, testing for the potential presence of any BSM events in the SRs. The observed
cross-section limit, ⟨ϵσ⟩95

obs, is calculating by dividing the observed limit on the signal strength,
S95

obs, by the integrated luminosity. These limits on the number of BSM events are shown in
table 10 and can be reinterpreted for a generic BSM model by calculating the identification
efficiency and detector acceptance for the model of interest.
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(a) (b)

(c) (d)

(e) (f)

Figure 7. Distributions for the signal regions showing the data (points) and the expected backgrounds
(stacked histograms), after simultaneously fitting all the control regions. The histograms are binned
in the key variables for each signal region: (a) Emiss

T Sig. for SR-HM1, (b) mmin
T (c) for SR-HM2, (c)

RISR for SR-Comp1, (d) RISR for SR-Comp2, (e) RISR for SR-Comp3, and (f) RISR for SR-Comp-1c.
The hatched band is the total systematic uncertainty for the expected backgrounds. Distributions
of representative t̃1t̃1 signals for different mass assumptions (or similar) are shown as dashed lines
using pre-fit signal contributions. Processes with top quarks and multiple vector bosons are included
in “Other”. The right-most bin in each histogram does not include the overflow entry but the x-axis
range is chosen to include all observed data.
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(a) (b)

Figure 8. Exclusion limits at 95% CL for pair production of top squarks decaying into charm quarks
and neutralinos. The expected limit is shown as a dashed line while the ±1σ interval is shown as a
yellow band. The observed limit is shown as a red line and the effect of varying the signal cross-section
by ±1σ of its predicted theoretical uncertainty is shown as red dashed lines. The contours are shown
as two-dimensional projections for masses of squarks and neutralinos (a) and their differences (b).
The exclusion contour from the previous ATLAS result that used charm tagging (ref. [30]) is shown as
a grey-dashed line (expected) and grey-filled contour (observed). For (a), the single-squark-production
exclusion contour from the ATLAS squarks and gluinos search that did not utilize charm tagging
(ref. [33]) is shown as a green-dashed line (expected) and green-filled contour (observed), while for (b),
the contour from the ATLAS single-jet search (ref. [32]) is shown as a cyan-dashed line (expected)
and cyan-filled contour (observed).

(a) (b)

Figure 9. The expected and observed exclusion contours for pair production of top squarks decaying
into top or charm quarks and neutralinos. The contours are shown as two-dimensional projections in
the plane of the squark mass and assumed branching fraction, whose value is varied between 0 (all
decays to t + χ̃0

1) and 1 (all decays to c + χ̃0
1). The mass of the neutralino is fixed to either (a) 1 GeV or

(b) 200 GeV. The cross-section limits for the contours are calculated by combining the signal regions
as discussed earlier in the paper. The branching fractions above and masses below the lines (high
branching fraction and low mass, and thus high production cross-section) are excluded. The expected
limit is shown as a dashed line, while the ±1σ interval is shown as a yellow band. The observed
limit is shown as a red line and the effect of varying the signal cross-section by ±1σ of its predicted
theoretical uncertainty is shown as red dashed lines.
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(a) (b)

Figure 10. Expected (white) and observed (red) exclusion limits at 95% CL for up-type scalar LQs
coupled to (a) first- and (b) second-generation leptons. The observed upper limit on the production
cross-section is plotted on the z-axis as a function of (a) B(LQu → cνe) with the alternative decay
being LQu → s + e and (b) B(LQu → cνµ) with the alternative decay being LQu → s + µ (y-axis)
and the leptoquark masses (x-axis). The branching fractions above and masses below the lines (high
branching fraction and low mass, and thus high production cross-section) are excluded. The ±1σ

interval of the expected limit is shown as dashed white lines while the effect of varying the signal
cross-section by ±1σ of its predicted theoretical uncertainty is shown as red dashed lines.

Signal Region ⟨ϵσ⟩95
obs [fb] S95

obs S95
exp pobs(S = 0)

SR-HM1 0.09 12.8 9.7+4.2
−2.9 0.19

SR-HM-Disc 0.36 50.7 34+13
−9 0.09

SR-Comp3 0.07 9.2 6.5+3.2
−2.0 0.15

SR-Comp-1c 0.08 11.6 8.0+3.8
−2.4 0.13

Table 10. Model-independent upper limits on the BSM event yields and cross-sections. The ⟨ϵσ⟩95
obs

is the observed upper limit on the visible BSM cross-section at 95% CL, and S95
obs is the observed

upper limit on the number of BSM events. Similarly, S95
exp is the expected upper limit on the number

of BSM events but it is computed assuming that the observed number of events is identical to the
number of background events. The discovery p-value (pobs(S = 0)), which tests the compatibility of
the observed data with the background-only (zero signal yield) hypothesis relative to fluctuations of
the background, is shown in the last column.
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(a) (b)

Figure 11. Expected (dashed) and observed (solid) cross-section upper limits as a function of
leptoquark mass for U(1) vector-LQ models in the (a) minimal and (b) Yang-Mills coupling scenarios
with β23 = 1, corresponding to a branching fraction B(vLQu

23 → cντ ) = 0.5. The ±1σ interval of the
expected limit is shown as a yellow band. The theoretical prediction and its ±1σ interval band are
shown in blue.

8 Conclusion

This paper presents a search targeting BSM models contributing to final states with missing
transverse momentum and charm-tagged jets, based on a 139 fb−1 dataset of proton-proton
collisions at

√
s = 13 TeV recorded by the ATLAS experiment at the LHC. The observed

experimental data are found to agree with the SM background estimate. The results are
interpreted as upper limits at 95% CL on the production cross-section of selected SUSY and
leptoquark models and as model-independent upper limits on the production cross-section
for BSM particles. Top/charm squark masses are excluded up to ∼900 GeV, assuming each
squark decays into a charm quark and an LSP. This is a ∼100 GeV improvement on the
previous ATLAS search that used c-tagging. The increase in sensitivity is driven by the
larger experimental dataset, the sophisticated design of the signal regions (which includes
different strategies for large and small mass splittings between the top squark and the LSP),
and improvements in c-tagging. The search also excludes, for the first time at the LHC,
scalar leptoquarks with a mass below 900 GeV that decay into a charm quark and either
a first- or second-generation neutrino. Finally, vector-leptoquark models in the minimal
and Yang-Mills coupling scenarios are excluded at 95% CL up to masses of 950 GeV and
1150 GeV, respectively, assuming a branching fraction of B(vLQu

23 → cντ ) = 0.5.
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