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1 Introduction

Supersymmetry (SUSY) [1–6] provides an extension of the Standard Model (SM) which

solves the hierarchy problem [7–10] by introducing partners of the known bosons and

fermions. In R-parity-conserving supersymmetric models [11], supersymmetric partners

are produced in pairs, and the lightest supersymmetric particle (LSP) is stable. The

LSP could provide a viable candidate for dark matter [12, 13]. The scalar partners of

right-handed and left-handed quarks, the q̃R and q̃L squarks, can mix to form two mass

eigenstates, q̃1 and q̃2, with q̃1 defined to be the lighter state. The charginos and neutralinos

are mixtures of the binos, winos and Higgsinos that are the supersymmetric partners of the

U(1)Y and SU(2)L gauge bosons and the Higgs bosons, respectively. Their mass eigenstates

are referred to as χ̃±i (i = 1, 2) and χ̃0
j (j = 1, 2, 3, 4) in order of increasing masses. In the

present work, the LSP is assumed to be the lightest neutralino χ̃0
1.
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Figure 1. Production diagrams for the pair production of top and charm squarks with subsequent

decay into charm quarks and two LSPs. The differentiation of particles and anti-particles is omitted

in the diagrams but it is implicitly assumed. The direct squark production processes produce a top

and charm squark-antisquark pair, respectively.

In supersymmetric models, naturalness [14, 15] arguments suggest that the mass of

the lightest top squark, t̃1, should have mass of the same order of the top quark [16, 17].

The present analysis considers top-squark pair production with subsequent decays induced

by flavour-violating effects into a charm quark and a LSP, t̃1 → cχ̃
0
1, as indicated in the

left panel of figure 1. This results in final-state signatures characterised by the presence

of two charm quarks and missing transverse momentum from the LSPs which escape the

detector. The magnitude of flavour-violating effects inducing t̃1 → cχ̃
0
1 decays is model

dependent, and in certain cases the branching ratio of the t̃1 → cχ̃
0
1 decay can exceed

the branching ratios of the three- and four-body decays (t̃1 → Wbχ̃
0
1 and t̃1 → bf f̄ ′χ̃

0
1,

respectively, where f and f ′ are two fermions from the virtual W boson decay). This can

occur due to significant mixing between the top squark and the charm squark, which may

be induced by renormalisation group equations even if minimal flavour violation is assumed

at a certain scale [18].

In generic supersymmetric models, squarks are not required to be mass degenerate, and

in particular, charm squarks could be considerably lighter than other squark flavours [19].

This motivates searches for pair production of charm squarks, each of which decays as

c̃1 → cχ̃
0
1, as illustrated in the right panel of figure 1. The experimental signature and the

cross-section of such models are identical to those of top-squark production with the top

squark decaying as t̃1 → cχ̃
0
1 and, therefore, the two processes are treated on the same

footing in this analysis. For both processes, a 100% branching ratio to cχ̃
0
1 is assumed.

This paper presents a search for pair production of top and charm squarks decaying into

a charm quark and the lightest neutralino, using 36.1 fb−1 of proton-proton (pp) collisions

data at a centre-of-mass energy of
√
s = 13 TeV collected by the ATLAS experiment at the

Large Hadron Collider (LHC) in 2015 and 2016. A dedicated algorithm is used to identify

jets containing charm hadrons (c-jets). The search improves on previous results [20, 21]

from the ATLAS Collaboration using 20.3 fb−1 of 8 TeV data. A related search was recently

reported by the CMS Collaboration [22].
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2 ATLAS detector

The ATLAS experiment [23] at the LHC is a multi-purpose particle detector with a forward-

backward symmetric cylindrical geometry and a near 4π coverage in solid angle.1 It consists

of an inner tracking detector surrounded by a thin superconducting solenoid providing a

2 T axial magnetic field, electromagnetic and hadron calorimeters, and a muon spectrom-

eter. The inner tracking detector covers the pseudorapidity range |η| < 2.5. It consists

of silicon pixel, silicon microstrip, and transition-radiation tracking detectors. The newly

installed innermost layer of pixel sensors [24] was operational for the first time during

the 2015 data-taking, leading to an improvement of the flavour-tagging performance [25].

Lead/liquid-argon (LAr) sampling calorimeters provide electromagnetic (EM) energy mea-

surements with high granularity. A hadron (steel/scintillator-tile) calorimeter covers the

central pseudorapidity range (|η| < 1.7). The endcap and forward regions are instrumented

with LAr calorimeters for both the 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 Tm across most of the detector. The muon spectrometer in-

cludes a system of precision tracking chambers and fast detectors for triggering. A two-level

trigger system [26] is used to select events. The first-level trigger is implemented in hard-

ware and uses a subset of the detector information to reduce the accepted rate to at most

100 kHz. This is followed by a software-based trigger level that reduces the accepted event

rate to about 1 kHz.

3 Data and simulated event samples

The data used in this analysis were collected by the ATLAS detector in pp collisions at the

LHC with
√
s = 13 TeV and 25 ns proton bunch crossing interval over the 2015 and 2016

data-taking periods. The full dataset corresponds to an integrated luminosity of 36.1 fb−1

after the application of beam, detector, and data-quality requirements. The uncertainty in

the combined 2015+2016 integrated luminosity is 2.1%. It is derived, following a method-

ology similar to that detailed in ref. [27], from a calibration of the luminosity scale using

x−y beam-separation scans performed in August 2015 and May 2016. On average, there

are about 14 or 25 inelastic pp collisions (“pile-up”) in each bunch crossing in the 2015 and

2016 datasets, respectively.

In all search regions, events are required to pass a missing transverse momentum

(Emiss
T ) trigger with an online threshold of 70 GeV or 110 GeV for the 2015 and 2016 data

periods, respectively. This trigger is fully efficient for events passing the preselection defined

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. 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). Rapidity is defined as y = 0.5 ln[(E + pz)/(E − pz)], where E denotes the

energy and pz is the component of the momentum along the beam direction. Angular distance is measured

in units of ∆R ≡
√

(∆y)2 + (∆φ)2.
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in section 5.1. Events in control regions are selected using triggers requiring the presence

of one electron or muon.

Monte Carlo (MC) simulated event samples are used to model the SUSY signal and

to help in the estimation of SM background processes. The SUSY signal samples used

in this analysis were generated using MadGraph5 aMC@NLO v2.2.3 [28] and interfaced

to Pythia 8.186 [29] with the A14 set of tuned parameters [30] for the simulation of

parton showering, hadronisation, and the description of the underlying event. The matrix

element (ME) calculation was performed at tree level includes the emission of up to two

additional partons. The ME to parton shower (PS) matching was done using the CKKW-

L prescription [31], with a matching scale set to mt̃1,c̃1
/4. The mass of the top quark was

fixed at 172.5 GeV. The NNPDF2.3LO [32] parton distribution function (PDF) set was

used. Signal cross-sections were calculated at next-to-leading-order accuracy (NLO) in the

strong coupling constant, adding the resummation of soft-gluon emission at next-to-leading-

logarithm accuracy (NLO+NLL) [33–35]. The nominal cross-section and its uncertainty are

based on predictions using different PDF sets and factorisation and renormalisation scales,

as described in ref. [36]. The same cross-section values were used for the pair production

of top and charm squarks.

SM background samples were simulated using different MC event generator programs

depending on the process. Events containing W or Z bosons with associated jets, and

diboson events (WW,WZ and ZZ) were simulated using the Sherpa 2.2.1 [37] event

generator. The ME calculation is performed using Comix [38] and OpenLoops [39] for up

to two partons at NLO and four partons at LO in W/Z + jets events and up to one parton

at NLO and three partons at LO in diboson events, and merged with the Sherpa parton

shower [40] according to the ME+PS@NLO prescription [41]. The NNPDF3.0NNLO

PDF set [42] was used in conjunction with dedicated parton shower tuning developed by

the Sherpa authors. The W/Z + jets events were normalised with NNLO QCD cross-

sections [43]. For the generation of tt̄ events, Powheg-Box v2 [44] was used with the

CT10 PDF [45] set in the matrix element calculations. Electroweak t-channel, s-channel

and Wt-channel single-top-quark events were generated with Powheg-Box v1. For s-

channel and Wt-channel production, the CT10 PDF set was used, while for the t-channel

production the four-flavour scheme was used for the NLO matrix element calculations

together with the fixed four-flavour PDF set CT10f4. For tt̄ and single-top-quark processes,

top-quark spin correlations were preserved. The parton shower, hadronisation, and the

underlying event were simulated using Pythia 6.428 [46] with the CTEQ6L1 PDF set

and the corresponding Perugia 2012 set of tuned parameters [47]. The top-quark mass was

set to 172.5 GeV. At least one leptonically decaying W boson was required in all generated

tt̄ and single-top-quark events. Fully hadronic decays do not produce sufficient Emiss
T to

significantly contribute to the background.

The production of top-quark pairs in association with W,Z or Higgs bosons was mod-

elled by samples generated at NLO using MadGraph5 aMC@NLO v2.2.3 and showered

with Pythia 8.212. The tt̄WW process and the production of events with three or four

top quarks were modelled at leading order (LO) using MadGraph5 aMC@NLO v2.2.3

interfaced to Pythia 8.212.
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The EvtGen1.2.0 program [48] was used by all generators except Sherpa to describe

the properties of b- and c-hadron decays.

Additional samples from different event generators and settings are used to estimate

systematic uncertainties in the backgrounds, as described in section 7.

All simulated events were overlaid with multiple pp collisions simulated with the soft

QCD processes of Pythia 8.186 with the A2 tune settings and the MSTW2008LO PDF

set [49], and reweighted to match the pile-up distribution observed in the data. The

MC samples were processed through the ATLAS full detector simulation [50] based on

Geant4 [51] or a fast simulation [52] that uses a parameterisation for the calorimeter

response and Geant4 for the rest of the detector. All simulated events are reconstructed

with the same algorithms as used for the data. In order to improve agreement between data

and simulation, corrections are applied to the lepton trigger and identification efficiencies,

momentum scale, energy resolution, and the efficiency of identifying jets containing charm

hadrons [53–55].

4 Event reconstruction

Interaction vertices from the proton-proton collisions are reconstructed from at least two

tracks with transverse momentum pT > 400 MeV, and are required to be consistent with

the beam-spot envelope. The primary vertex is identified as the one with the largest sum

of squares of the transverse momenta from associated tracks,
∑
p2T,track [56].

Reconstructed physics objects are labelled as baseline or signal, with the latter satis-

fying tighter identification and quality criteria. Baseline objects are used for the removal

of overlaps between different reconstructed objects (“overlap removal”) and for lepton-

veto purposes.

Electron baseline candidates are reconstructed from energy clusters in the electromag-

netic calorimeter matched to inner detector tracks. A multivariate calibration is applied

to correct the electron energy scale [54]. Electron candidates must have |η| < 2.47 and

pT > 7 GeV, and meet a set of “loose” quality criteria [53].

Muon baseline candidates are reconstructed from tracks in the muon spectrometer

and the inner detector. Candidates for which the inner detector tracks are matched to

an energy deposit in the calorimeter compatible with a minimum-ionizing particle are also

considered. Muon candidates must have |η| < 2.7 and pT > 7 GeV, and meet a set of

“loose” quality criteria [55].

For signal lepton candidates used in the control region definitions, additional require-

ments are applied. Signal electrons are required to meet a set of “medium” quality crite-

ria [53], a “loose” isolation requirement [53], and to have pT > 27 GeV. Signal muons are

required to pass a “loose” isolation requirement [55] and to have pT > 27 GeV.

Jets are reconstructed from three-dimensional topological clusters [57] of calorimeter

cells using the anti-kt algorithm [58] with a radius parameter of R = 0.4 and a four-

momentum recombination scheme. The jet energy is then corrected to the particle level

by the application of a jet energy scale calibration derived from 13 TeV data and simula-

tion [59]. To reduce pile-up effects, jets with |η| < 2.4 are tested for compatibility with the

– 5 –
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primary vertex and required to pass a set of “medium” requirements [60]. Baseline jets are

required to have |η| < 2.8 and pT > 20 GeV. These jets are used in the overlap removal

procedure. Signal jets are required to also have |η| < 2.5 and pT > 30 GeV.

Identifying c-jets is of crucial importance to this analysis. Two multivariate discrimi-

nants, MV2c100 and MV2cl100, are used to distinguish between c-jets and jets containing

bottom hadrons (b-jets), and between c-jets and light-flavour jets (jets not containing a b-

or a c-hadron), respectively. The discriminants are based on the MV2 algorithm presented

in refs. [25, 61]. MV2c100 is trained with b-jets as signal and with background consisting

exclusively of c-jets. MV2cl100 is trained with c-jets as signal and with background consist-

ing exclusively of light-flavour jets. A “tight” working point was adopted in the analysis,

resulting in a charm-tagging efficiency of about 18%, a b-jet rejection factor of 20, a light-

flavour jet rejection factor of 200, and a hadronic τ jet rejection factor of 6, as evaluated

in a sample of simulated tt̄ events. The c-jet tagging rate is measured using a data sample

rich in tt̄ events, identifying c-jets from W boson decays. Correction factors dependent on

the jet pT are derived to match the tagging rate in the simulation to that measured in data.

They are found to range from 0.83 to 0.88 in Pythia 8 MC samples. Similarly, correction

factors for the mis-tag rate for b-jets are derived using dileptonic tt̄ data events. They

are found to range from 0.81 to 0.97 in Pythia 8 MC samples. Correction factors for the

mis-tag rate for light-flavour jets are instead evaluated by comparing the MC simulation

to an “adjusted” simulation where the track-based variables used in the flavour-tagging

evaluation, e.g. the transverse impact parameter relative to the primary vertex, are scaled

to match the data. The size of this correction is found to range between 1.3 and 1.9 across

the considered jet pT and η ranges in Pythia 8 MC samples.

To avoid object double counting, an overlap removal procedure is applied to resolve

ambiguities among electrons, muons, and jets in the final state. Any muon candidate that

is reconstructed with inner detector and calorimeter information only and which shares an

inner detector track with an electron candidate is removed. Any electron candidate sharing

an inner detector track with a remaining muon candidate is also removed. Jets within

∆R = 0.2 of an electron are discarded. Jets with less than three tracks within ∆R = 0.2

of a muon candidate are discarded. Any remaining electron candidate within ∆R = 0.4 of

a jet is discarded. Any remaining muon candidate within ∆R = 0.04 + 10/pµT(GeV) of a

jet is discarded.

The missing transverse momentum Emiss
T , whose magnitude is denoted by Emiss

T , is

defined as the negative vector sum of the transverse momenta of electrons, jets and muons,

to which is added a “soft term” that recovers the contributions from other low-pT parti-

cles [62, 63]. The soft term is constructed from all tracks that are not associated with any

of the preceding objects, and that are associated with the primary vertex.

5 Event selection

All events used in this analysis are required to satisfy basic quality criteria in order to

guarantee the good functionality of the detector during the data-taking and to increase

the purity and quality of the data sample by rejecting non-collision events such as cosmic-

– 6 –
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ray and beam-halo events. To ensure that the event contains a pp interaction with large

transverse momentum transfer, at least one vertex with a position consistent with the

beam-spot position is required.

All events in signal regions are required to pass a preselection, presented in section 5.1,

that targets the c-jets + Emiss
T final state. Variables designed to reject SM background

events are also defined in section 5.1. Tighter selections are then applied to maximise the

sensitivity to the signal models of interest, resulting in five signal regions, described in

section 5.2.

5.1 Preselection

Stop and scharm pair production followed by t̃1 → cχ̃
0
1 and c̃1 → cχ̃

0
1 decays have the same

final state characterised by Emiss
T and at least two c-jets. No prompt leptons are expected,

and therefore events with at least one baseline electron or muon candidate, as defined in

section 4, are vetoed in order to reduce contamination from SM background processes with

at most a signal rejection of only a few percent. In order to ensure full efficiency for the

Emiss
T trigger used in the data selection, a requirement on Emiss

T > 250 GeV is applied. At

least two jets are required, and the jet leading in pT (leading jet) is required to satisfy

pj1T > 250 GeV. In addition, at least one jet is required to be charm-tagged. A requirement

on the minimum angle between the Emiss
T and each signal jet, ∆φmin(jet,Emiss

T ) > 0.4, is

imposed in order to reduce the multijet background arising from mismeasured Emiss
T .

5.2 Signal regions

The signal characteristics depend strongly on the mass difference between the top or

charm squark and the lightest neutralino, ∆m = mt̃1,c̃1
− mχ̃0

1
. A large mass difference

(∆m > 300 GeV) leads to high-pT jets and high Emiss
T . For smaller mass differences, the

Emiss
T is substantially reduced. To target such signal scenarios, an additional initial-state

radiation (ISR) jet is required to boost the system, leading to larger values of Emiss
T . Spe-

cific signal region selections (SRs) are optimised to target different signal topologies. Five

signal regions (SR1-SR5) are defined in total, targeting scenarios with increasingly large

mass splittings ∆m. All signal region selections require a missing transverse momentum

of at least 500 GeV.

Requiring the presence of one or more charm-tagged jets results in an enhancement

of events with hadronically decaying τ -leptons, as they have a high probability of being

mis-tagged. The minimum transverse mass mc
T of charm-tagged jets and Emiss

T is defined as

mc
T = min

c-jets

√
2 · Emiss

T pcT · (1− cos ∆φ(Emiss
T ,pcT)),

where ∆φ(Emiss
T ,pcT) is the azimuthal angle between the charm-tagged jet and the missing

transverse momentum. The mc
T variable shows a large rejection power against events with

hadronically decaying τ -leptons. The requirement of mc
T >120 GeV in all SRs reduces

this contribution to less than 5% of the total background events. The mc
T variable also

provides discrimination against other backgrounds, such as Z+jet production with invisibly

decaying Z bosons.

– 7 –
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SR1 SR2 SR3 SR4 SR5

Trigger Emiss
T triggers

Leptons 0 e AND 0 µ

Emiss
T [GeV] > 500

∆φmin(jet,Emiss
T ) [rad] > 0.4

Nc−jets ≥ 1

Njets ≥ 2 ≥ 3 ≥ 3 ≥ 3 ≥ 3

Leading jet c-tag veto yes yes yes yes no

pj1T [GeV] > 250 > 250 > 250 > 250 > 300

pj2T [GeV] − − > 100 > 140 > 200

pj3T [GeV] − − > 80 > 120 > 150

pc1T [GeV] < 100 > 60 > 80 > 100 > 150

mc
T [GeV] ∈ (120, 250) ∈ (120, 250) ∈ (175, 400) > 200 > 400

Table 1. Overview of the signal region selection criteria. Njets and Nc−jets indicate the total

number of jets and c-jets, respectively; pj1T , pj2T and pj3T indicate the transverse momentum of the

leading, sub-leading and sub-sub-leading jet; and pc1T is the transverse momentum of the c-jet with

the highest pT.

An overview of the selection requirements in all signal regions is given in table 1.

Signal region SR1 targets compressed mass scenarios with ∆m smaller than ∼50 GeV.

In such scenarios, the c-jets are expected to have pT below the 30 GeV threshold for signal

jets, and may not always be reconstructed. For even smaller values of ∆m, neither c-

jet is expected to be reconstructed. Another analysis, the “monojet” analysis described

in ref. [64], is sensitive to this type of signal. Signal region SR2 targets compressed

mass scenarios with ∆m larger than 50 GeV but smaller than ∼100 GeV. Both c-jets are

expected to be reconstructed and at least three jets are required. Signal regions SR3 and

SR4 target scenarios with intermediate values of ∆m, 100–450 GeV. Requirements on

the charm-tagged jet transverse momentum and on mc
T are tightened, and more stringent

thresholds on the second and third jets’ transverse momenta are applied. An upper bound

is imposed on the value of mc
T in signal regions SR1–SR3 as this is found to increase

the sensitivity of the analysis. In signal regions SR1–SR4, the leading jet is primarily

expected to arise from initial-state radiation, and is therefore required to fail the charm-

tagging requirement. Finally, signal region SR5 targets scenarios with values of ∆m greater

than around 450 GeV, such that the leading two jets are usually the c-jets from the decay

of the t̃1 or c̃1. Therefore, the leading jet is no longer required to fail the charm-tagging

requirement. In addition, requirements on the jet transverse momenta and mc
T are further

tightened relative to SR1–SR4.

According to the selected benchmark model, about 20 signal events pass the selection

criteria for the corresponding SR of interest. A full overview is reported in table 7.

– 8 –
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6 Background estimation

The main background contribution in this analysis arises from Z+jets production with the

Z boson decaying into neutrinos. Across all the SRs this process contributes up to 50–60%

of the total background expectation. Other significant background contributions arise from

W+jets production in association with a heavy-flavour jet where the W boson decays into a

τ -lepton and a neutrino (∼10% of the total background expectations in the SRs), followed

by diboson and tt̄ production (∼10% and 5–10% of the total SR expectations, respectively).

Minor backgrounds including Z → ττ , single-top and tt̄ production in association with

additional vector bosons, which account for less than 5% of the total background, are

grouped together and hereafter referred to as the “Other” contribution. The contribution

of the multijet background is evaluated using dedicated data-driven techniques, but is

found to be negligible in all regions and therefore not further considered. Contributions

from diboson production and other small backgrounds are determined from simulation only.

The Z+jets, W+jets and top-quark background yields in the SRs are estimated using

simulated samples normalised to data in dedicated control regions (CRs). Three CRs are

constructed separately for each SR. They are designed to enhance the contribution of a par-

ticular background component, as described in section 6.1, and are required to be disjoint

from the SRs while still retaining similar kinematic and flavour-composition properties.

6.1 Control region definitions

To ensure that the control regions are statistically independent of the signal regions, the

lepton veto applied in the preselection (section 5.1) is modified such that each control re-

gion requires at least one signal electron or muon. In order to ensure a similar background

composition between signal and control regions, identical requirements are placed on the

jet multiplicity and flavour tagging in control regions and corresponding signal regions.

Requirements on Emiss
T and jet momenta are lowered in the control regions relative to the

signal regions, to ensure that the control region samples have enough events. In addition

to these common criteria, specific selections to target Z+jets, W+jets and top-quark pro-

duction backgrounds are imposed as described in sections 6.1.1 and 6.1.2. The potential

contamination from signal in each CR is found to be negligible for all signal hypotheses

that have not yet been excluded.

6.1.1 Z control regions

The Z+jets events that pass the SR requirements are mostly from Z(→ νν) produc-

tion in association with a charm quark, followed by Z(→ νν) production in association

with light-flavour jets, some of which have been mis-tagged as c-jets. Control regions

enriched in Z+jets events are defined by requiring two same-flavour (SF), opposite-sign

(OS) leptons (electrons or muons) with an invariant mass m`` close to the Z boson mass

(76 GeV < m`` < 106 GeV). The lepton momenta are then vectorially added to the Emiss
T

to mimic the expected missing transverse momentum spectrum of Z(→ νν)+jets events.

Other quantities depending on Emiss
T are also recomputed accordingly. In the following,

all variables corrected in this manner are indicated with the superscript “corr”. A missing

– 9 –
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Z CR1 Z CR2 Z CR3 Z CR4 Z CR5

Trigger Emiss
T OR single lepton

Leptons 2 SF OS e OR µ

m`` [GeV] ∈ (76, 106)

∆φmin(jet, Emiss,corr
T ) [rad] > 0.4

Nc−jets ≥ 1

Emiss
T [GeV] < 75

Emiss,corr
T [GeV] > 250

pj1T [GeV] > 250

Njets ≥ 2 ≥ 3 ≥ 3 ≥ 3 ≥ 3

Leading jet c-tag veto yes yes yes yes no

pj2T [GeV] − − > 100 > 100 > 100

pj3T [GeV] − − > 80 > 100 −
pc1T [GeV] < 100 > 60 > 80 > 100 > 100

mc,corr
T [GeV] ∈ (120, 250) ∈ (120, 250) ∈ (175, 400) > 200 > 400

Table 2. Overview of the Z control region selection criteria. Njets and Nc−jets indicate the total

number of jets and c-jets, respectively; pj1T , pj2T and pj3T indicate the transverse momentum of the

leading, sub-leading and sub-sub-leading jet; and pc1T is the transverse momentum of the c-jet with

the highest pT. Variables with the superscript “corr” refer to variables corrected as described in

the text.

transverse momentum requirement Emiss
T < 75 GeV is also applied in the Z control regions

to reduce the contribution of the tt̄ background. The full set of criteria is summarised in

table 2. MC studies show that the jet flavour composition in all the Z control regions is in

excellent agreement with the composition in the signal regions.

6.1.2 W and top-quark control regions

The W+jets and top-quark background events passing the SR requirements are mostly

events with hadronically decaying τ -leptons, where the charm-tagged jet is an ISR jet con-

taining a charm hadron, or a mistagged light-flavour jet. Most of the events with a hadron-

ically decaying τ -lepton mis-tagged as a c-jet are instead rejected by the mc
T requirement

applied in the SRs. Samples enriched in both the W+jets and top-quark processes are

obtained by selecting events with exactly one signal lepton (electron or muon) and with

W boson transverse mass mT =
√

2 · Emiss
T plepT · (1− cos ∆φ(Emiss

T ,plep
T )) > 60 GeV.

From simulation it is determined that in the SRs on average 40% of the τ -lepton’s

momentum is carried by visible decay products, while the remaining 60% is carried by

neutrinos. Therefore, in the CRs, to mimic the τ -lepton’s decay behaviour as closely as

possible, single-lepton events are selected and the lepton is replaced with a jet whose pT
is 40% of the lepton pT, to mimic the visible part of the τ -lepton decay. The remaining

60% of the lepton momentum is added to the Emiss
T calculation, to mimic the neutrino

contribution. Jets obtained using this procedure are further considered in the analysis

– 10 –
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only if they pass the signal jet pT and η requirements described in section 4. All variables

computed from either jets or Emiss
T are recomputed accordingly and indicated with the

superscript “corr”.

As in the Z CRs, the requirements on Emiss
T and jet momenta are relaxed relative to

the corresponding signal regions to obtain enough events for the background estimation,

while all other criteria are kept the same.

In order to define separate CRs for W+jets and the top-quark processes, two kinematic

variables are introduced.

mhad
t,W : this variable is only defined in events with at least three jets. First, the jet

pair with the invariant mass mjj closest to the W boson mass is selected. Then a

third jet is selected such that the invariant mass mjjj of all three jets is closest to the

top-quark mass. In addition, at least one of these jets is required to be charm-tagged.

mW
jj : the jet pair with mjj closest to the W boson mass is selected. Here, all pairs of jets

where neither jet is charm-tagged are considered first, and the pair with mjj closest

to the W boson mass is chosen. If no pairs of jets where neither jet is charm-tagged

exist, then pairs containing at least one charm-tagged jet are considered and the pair

with mjj closest to the W boson mass is chosen.

When computing mhad
t,W and mW

jj , jets obtained from the replacement of leptons as

described above are not considered. The two variables have a strong discrimination power

between top-quark and W+jets processes. The requirement of 50 GeV < mhad
t,W < 220 GeV

results in a 62–71% pure top-quark sample, depending on the region. The W CRs are

defined by inverting the mhad
t,W selection and requiring in addition mW

jj > 175 GeV. This

results in a 55–78% purity for the W+jets process, depending on the region. An overview

of the full selection list for the W CRs and the top-quark CRs (referred to as “Top CRs”)

are reported in table 3. MC studies show that the jet flavour composition in all the W

control regions is in excellent agreement with that in the signal regions, except for W CR4,

where a difference up to 33% is observed between SR and CR. An additional systematic

uncertainty is derived to account for this difference as described in section 7.

6.2 Background-only fit

For each signal region, the normalisations of the W+jets, Z+jets and top-quark back-

grounds are determined through a binned likelihood fit performed simultaneously to the

observed number of events in the associated control regions. The likelihood is constructed

as a product of Poissonian probability density functions describing the observed data counts

in the control regions and Gaussian constraint terms for the systematic uncertainties de-

scribed in section 7. Poisson distributions are also included in the likelihood to describe

the MC simulation’s statistical uncertainties. The fit is performed using the HistFitter

package [65] with the assumption that no signal is present and it is referred to as the

“background-only” fit. Correlations in background yield predictions across different re-

gions due to common systematic uncertainties are accounted for in the fit.
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W/Top CR1 W/Top CR2 W/Top CR3 W/Top CR4 W/Top CR5

Trigger Emiss
T OR single lepton

Lepton 1 e OR 1 µ

plep
T [GeV] > 27

∆φmin(jet,Emiss
T ) [rad] ∆φmin(jet,Emiss

T ) > 0.4 OR ∆φmin(jet, Emiss,corr
T ) > 0.4

mT [GeV] > 60

Emiss,corr
T [GeV] > 250

pj1,corrT [GeV] > 250

Nc−jets ≥ 1

N corr
jets ≥ 2 ≥ 3 ≥ 3 ≥ 3 ≥ 3

Leading jet c-tag veto yes yes yes yes no

pj2,corrT [GeV] − − > 100 > 100 > 100

pj3,corrT [GeV] − − > 80 > 100 −

pc1T [GeV] < 100 > 60 > 80 > 100 > 100

mc,corr
T [GeV] ∈ (120, 250) ∈ (120, 250) ∈ (175, 400) > 200 > 400

mhad
t,W [GeV]

For W : < 50 OR > 220

For Top: ∈ (50, 220)

mW
jj [GeV]

For W : > 175

For Top: no requirement

Table 3. Overview of the W and Top control region selection criteria. Njets and Nc−jets indicate

the total number of jets and c-jets, respectively; pj1T , pj2T and pj3T indicate the transverse momentum

of the leading, sub-leading and sub-sub-leading jet; and pc1T is the transverse momentum of the

c-jet with the highest pT and plep
T is the lepton pT. Variables with the superscript “corr” refer to

variables corrected as described in the text.

Fit parameter SR1 SR2 SR3 SR4 SR5

µW 1.13+0.38
−0.28 1.20+0.44

−0.39 1.70+0.39
−0.33 1.49+0.31

−0.26 1.28+0.30
−0.24

µZ 1.36+0.17
−0.15 1.34+0.26

−0.22 1.22+0.27
−0.23 1.29+0.26

−0.22 1.30+0.28
−0.23

µTop 1.15+0.38
−0.28 1.28+0.55

−0.47 0.86+0.31
−0.35 0.79+0.35

−0.29 1.02+0.46
−0.32

Table 4. Normalisation factors after the background-only fit. The central values with the detector-

related systematic uncertainties, corresponding to one standard deviation, are reported.

The background normalisation factors (µ factors) obtained in the fit are summarised in

table 4, including all the detector-related systematic uncertainties as described in section 7.

Figure 2 shows examples of comparisons between data and the SM prediction for

the Emiss,corr
T and mc

T distributions, for some of the Z CRs, W CRs and Top CRs. The

backgrounds are scaled by the normalisation factors extracted from the background-only

fit. Good agreement between data and the prediction is observed in the shapes of all

distributions.
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Figure 2. Examples of comparisons between data and expectation after the background-only fit

for the Emiss,corr
T distribution (a) Z CR1, (c) W CR2 and (e) Top CR3, and for the mc

T distribution

(b) Z CR5, (d) W CR4 and (f) Top CR5 . The contributions from all SM backgrounds are shown

as a histogram stack. The shaded band indicates the detector-related systematic uncertainties and

the statistical uncertainties of the MC samples. The error bars on the data points indicate the

data’s statistical uncertainty. The lower panel shows the ratio of the data to the SM prediction

after the background-only fit.
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Figure 3. Comparison of the numbers of data events and predicted SM yields in each validation

region. The normalisation of the backgrounds is obtained from the fit to the CRs. The shaded

band indicates the total background uncertainty. The lower panel shows the pulls, estimated as

the difference between the observed number of events (nobs) and the predicted background yields

(npred) divided by the total uncertainty (σtot).

6.3 Validation regions

After the background-only fit is performed, the validity of the extrapolation of the back-

ground estimate outside the control regions is tested in dedicated validation regions (VRs).

Validation regions are not used to constrain the background normalisation in the fit. They

are required to have kinematic properties and flavour-tagging compositions similar to those

in the signal regions, while keeping the potential contamination from signal as low as pos-

sible. This is achieved by retaining most of the selection criteria used in the signal region

and inverting or restricting the requirements on Emiss
T , mc

T, and the jet momenta to limit

the potential signal contribution. All validation region selections require mW
jj > 125 GeV

and mc
T > 120 GeV. Depending on the signal region, two or three VRs (referred to as A,

B and C) are defined to separately validate the modelling of kinematic variables used in

the signal region definitions: Emiss
T , pj1T and pj2T . A full list of all the selection criteria used

to define the validation regions is reported in table 5. The signal contamination in the

validation regions was examined for all considered signals that have not yet been excluded,

and was found to be at most 25%.

Figure 3 shows a comparison between the number of events predicted by the

background-only fit and the data, for all validation regions. The pulls, estimated as the

difference between the observed number of events and the predicted background yields

divided by the total uncertainty, are also shown. No evidence of significant background

mismodelling is observed in the VRs.
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VR1 VR2 VR3 VR4 VR5

Trigger Emiss
T triggers

Leptons 0 e AND 0 µ

Emiss
T [GeV] > 500

∆φmin(jet,Emiss
T ) [rad] > 0.4

Nc−jets ≥ 1

mW
jj [GeV] > 125

Njets ≥ 2 ≥ 3 ≥ 3 ≥ 3 ≥ 3

Leading jet c-tag veto yes yes yes yes no

pj1T [GeV] > 250 > 250 > 250 > 250 > 300

pc1T [GeV] < 100 > 60 > 80 > 100 > 200

mc
T [GeV] > 250 ∈ (300, 450) ∈ (300, 400) ∈ (300, 500) > 400

A
Emiss

T [GeV] < 350 < 350 < 350 < 350 < 350

pj2T [GeV] − < 175 < 200 < 200 −

B
pj1T [GeV] < 350 < 350 < 350 < 350 −
pj2T [GeV] − < 175 < 200 < 200 < 175

C
Emiss

T [GeV] − < 350 < 350 < 350 −
pj1T [GeV] − < 350 < 350 < 350 −

Table 5. Overview of the validation region selection criteria. Njets and Nc−jets indicate the total

number of jets and c-jets, respectively; pj1T and pj2T indicate the transverse momentum of the leading

and sub-leading jet; and pc1T is the transverse momentum of the c-jet with the highest pT.

7 Systematic uncertainties

Various sources of systematic uncertainty are considered in this analysis. Uncertainties

are treated as correlated across different regions where appropriate. Uncertainties cor-

responding to the number of events in the control regions used to constrain background

normalisations are also considered.

The dominant experimental systematic effects on the estimated background rates are

due to the uncertainties in the c-tagging efficiency and the jet energy scale (JES) [59]. The

flavour-tagging uncertainties are estimated by varying the η-, pT- and flavour-dependent

scale factors applied to each jet in the simulation within a range that reflects the system-

atic uncertainty in the measured tagging efficiency and mis-tag rates in 13 TeV data. This

uncertainty in the scale factors is in the range 15–40%, 3–12%, and 11–18% for the light-

flavour jet, b-jet and c-jet scale factors, respectively. The uncertainties on the estimated

background rates due to the uncertainties in the c-tagging efficiency and the JES are found

to be 7−9% and 5−8%, respectively, across the different signal regions. The uncertainties

associated with lepton reconstruction and energy measurements, as well as the jet energy

resolution [66], are also considered but have a negligible impact on the final results. Lep-

ton and jet-related uncertainties are propagated to the Emiss
T calculation, and additional

uncertainties are included in the energy scale and resolution of the soft term [67].
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Theoretical and modelling uncertainties of the top-quark-pair background are com-

puted as the difference between the prediction from nominal samples and those from alter-

native samples differing in parameter settings or in the choice of generator. Hadronisation

and PS uncertainties are estimated using samples generated using Powheg-Box v2 and

showered by Herwig++ v2.7.1 [68] with the UEEE5 [69] underlying-event tune. Uncer-

tainties related to initial- and final-state radiation modelling, PS tune and choice of the

hdamp parameter value in Powheg-Box v2 are estimated using alternative settings of the

event generators. Finally, an alternative sample produced using the Sherpa 2.2.1 generator

with settings as those defined for V+jets samples, is used to estimate the event generator

uncertainties.

Theoretical uncertainties in the modelling of V+jets production are assessed by consid-

ering alternative samples with varied merging (CKKW-L), resummation, renormalisation,

and factorisation scales, as well as PDF variations from the NNPDF3.0NNLO replicas.

The uncertainties in the background estimates in the SRs arising from renormalisation

scale and PDF variations are 6−11% and 7−15%, respectively. In all SRs, they are among

the dominant systematic uncertainties.

To account for differences in the heavy-flavour composition between the W CR4 and

SR4, an additional normalisation uncertainty of 54% [70] is assigned in these regions to

the heavy-flavour component of W+jets. The effect of this uncertainty on the background

estimate is found to be small, around 1%.

Uncertainties in the diboson background are evaluated by considering different resum-

mation, normalisation, and factorisation scales using alternative samples. An additional

15% uncertainty is assigned to its normalisation, accounting for the specific choice of the

EWK parameters. The single-top-quark background forms less than 2% of the total back-

ground in all signal regions; a 100% uncertainty is assigned to its normalisation, with no

impact on the search sensitivity.

The dominant relative uncertainties affecting the background estimates in each signal

region are summarised in table 6. The uncertainties on the µ factors are also included.

For the SUSY signal processes, both the experimental and theoretical uncertainties

in the expected signal yield are considered. Experimental uncertainties are found to be

between 11% and 24% across the t̃1, c̃1-χ̃
0
1 mass plane. In all SRs, they are largely domi-

nated by the uncertainty in the c-tagging efficiency. They vary between 10% and 20% for

squark masses in the range between 300 GeV and 1000 GeV. Additional uncertainties in

the acceptance and efficiency of the SUSY signal MC samples are considered, due to the

variation of the QCD coupling constant αS, the renormalisation and factorisation scales,

the CKKW scale used to match the parton shower and matrix element descriptions, and

the parton shower tunes. The total magnitude of these uncertainties ranges up to about

13%, depending on the signal region and sparticle masses considered.

Theoretical uncertainties in the NLO+NLL cross-section are calculated for each SUSY

signal scenario and are dominated by the uncertainties in the renormalisation and fac-

torisation scales, followed by the uncertainty in the PDF. These uncertainties are not

treated using a nuisance parameter in any of the fits considered, since their impact is

quantified separately.
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Source \ Region SR1 SR2 SR3 SR4 SR5

[%] [%] [%] [%] [%]

µZ 6.7 9.3 12 11 13

µW 4.5 5.6 4.8 4.4 3.9

µTop 2.9 7.7 2.2 2.0 2.1

JES 7.9 5.0 6.8 5.2 5.6

c-tagging 6.7 8.9 9.3 8.1 7.0

W/Z+jets scale variations 11 5.8 7.6 6.5 5.2

W/Z+jets resummation scale 7.8 3.7 2.5 5.6 4.7

W/Z+jets PDF 7.7 7.1 14 15 9.1

Total 18 15 19 18 16

Table 6. Summary of the dominant experimental and theoretical uncertainties for each signal

region. Uncertainties are quoted as percentages of the total SM background predictions. The

individual uncertainties can be correlated, and do not necessarily add in quadrature to the total

background uncertainty.

8 Results

The observed event yields for each signal region are shown in table 7 together with the

estimated background contributions after the fit. The total uncertainty in the estimated

background ranges from 15% to 20%, depending on the signal region, and is dominated by

the uncertainty in the Z+jets background. No significant excess above the SM prediction

obtained after the fit is seen in any of the regions. The smallest observed p-value, which

expresses the probability that the background fluctuates to the data or above, is 0.41 in

region SR2. The largest deficit is observed in SR3, where 23 events are observed while

31 ± 6 events are predicted. Figure 4 shows a comparison of the observed and predicted

yields in all SRs, together with the pull in each region.

Comparisons of the data to the SM predictions are shown in figure 5 for the Emiss
T

distribution in each SR. The expected distribution from a representative signal point is

overlaid on each plot. Good agreement in the shapes of the data and predicted distributions

is observed in all cases and again no significant excess above the SM prediction is observed.

In the absence of a signal, expected and observed 95% confidence level (CL) limits

(S95
exp and S95

obs, respectively) are set on the number of possible events from sources beyond

the Standard Model (BSM) in each signal region using the CLs prescription [71, 72]. Limits

on the visible cross-section σvis of a BSM signal, defined as the product of the production

cross-section σ, the acceptance A and the selection efficiency ε, are also computed as

σvis = S95
obs/

∫
Ldt, where

∫
Ldt is the integrated luminosity. The results are shown in the

lower part of table 7.

The profile-likelihood-ratio test statistic is used to set limits on the top-squark and

charm-squark pair production signal models considered in this paper. If the observed CLs

value for a particular signal model is smaller than 0.05, the model is excluded at the 95%
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Figure 4. Comparison of the numbers of data events and predicted SM yields in each signal

region. The normalisation of the backgrounds is obtained from the fit to the CRs. The shaded

band indicates the total background uncertainty. The lower panel shows the pulls, estimated as

the difference between the observed number of events (nobs) and the predicted background yields

(npred) divided by the total uncertainty (σtot).

CL. The results are presented in the t̃1, c̃1-χ̃
0
1 mass plane in figure 6. At each point in the

mass plane, the signal region with the smallest expected value of CLs is used to set the limit.

Changes in the trend of the exclusion contour are observable around m(t̃1, c̃1,χ̃
0
1) = (480,

400) GeV and m(t̃1, c̃1,χ̃
0
1) = (500, 300) GeV. They are due to the transitions between SR2

and SR3, and between SR3 and SR4, respectively. The grey region has been excluded by

ATLAS searches with an energetic jet and large missing transverse momentum described

in ref. [64]. This region is characterised by events with soft c-jets, for which the efficiency

of the signal regions of the present analysis is very low. For larger values of ∆m, the search

in ref. [64] loses sensitivity due to a veto on jet activity beyond four jets, required in the

signal regions of the search. For signal models characterised by ∆m <200 GeV the same

results are also presented in the mt̃1,c̃1
-∆m plane as shown in figure 7.

9 Conclusion

This paper reports a search for direct top-squark and charm-squark pair production in

final states with charm-tagged jets and missing transverse momentum, based on a 36.1 fb−1

dataset of
√
s = 13 TeV proton-proton collisions recorded by the ATLAS experiment at

the LHC in 2015 and 2016. No significant excess above the expected Standard Model

background is found and model-independent exclusion limits at 95% CL are set on the

visible cross-section. Assuming a 100% branching ratio to cχ̃
0
1, top and charm squarks

with masses up to 850 GeV are excluded at 95% CL for a massless lightest neutralino. For

mt̃1,c̃1
−mχ̃0

1
< 100 GeV, top and charm squarks with masses up to 500 GeV are excluded.
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Figure 5. Comparison between data and expectation after the background-only fit for the Emiss
T

distribution (a) in SR1, (b) in SR2, (c) in SR3, (d) in SR4, and (e) in SR5. The shaded band

indicates the detector-related systematic uncertainties and the statistical uncertainties of the MC

samples, while the error bars on the data points indicate the data’s statistical uncertainty. The

final bin in each histogram includes the overflow. The lower panel shows the ratio of the data to

the SM prediction after the background-only fit. In each plot, the distribution is also shown for a

representative signal point.
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Figure 6. Observed and expected exclusion contours at 95% CL, as well as ±1σ variation of the

expected limit, in the t̃1, c̃1-χ̃
0
1 mass plane. The SR with the best expected sensitivity is adopted for

each point of the parameter space. The solid band around the expected limit (dashed line) shows

the impact of the experimental and SM background theoretical uncertainties. The dotted lines

show the impact on the observed limit of the variation of the nominal signal cross-section by ±1σ

of its theoretical uncertainties. The observed limit from the monojet search at
√
s = 13 TeV [64]

and from the Run-1 analysis [20, 21] at
√
s = 8 TeV are also overlaid. ∆m denotes mt̃1,c̃1

−mχ̃0
1
.

Figure 7. Observed and expected exclusion contours at 95% CL, as well as ±1σ variation of the

expected limit, in the mt̃1,c̃1
-∆m plane, where ∆m denotes mt̃1,c̃1

−mχ̃0
1
. The SR with the best

expected sensitivity is adopted for each point of the parameter space. The solid band around the

expected limit (dashed line) shows the impact of the experimental and SM background theoretical

uncertainties. The dotted lines show the impact on the observed limit of the variation of the nominal

signal cross-section by ±1σ of its theoretical uncertainties. The observed limit from the monojet

search at
√
s = 13 TeV [64] and from the Run-1 analysis [20, 21] at

√
s = 8 TeV are also overlaid.
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Yields SR1 SR2 SR3 SR4 SR5

Observed 59 33 23 53 27

Total SM 61± 11 32± 5 31± 6 59± 11 31± 5

Z+jets 37.1± 7.8 16.7± 3.2 17± 5 34± 8 20± 4

W+jets 11.2± 5.1 6.5± 2.3 8.4± 2.0 15± 4 5.9± 1.5

Top 5.4± 2.0 5.6± 2.6 2.0± 2.0 3.1± 1.8 1.7± 0.7

Diboson 6.3± 2.1 2.7± 1.7 2.4± 0.7 5.9± 2.3 3.2± 1.6

Other 0.6± 0.1 0.5± 0.1 0.5± 0.1 1.0± 0.1 0.3± 0.1

Signal benchmarks

(mt̃1
,mχ̃0

1
) = (450, 425) GeV 22.7± 4.0 9.1± 2.6 1.6± 1.0 1.84± 0.71 0.45± 0.27

(mt̃1
,mχ̃0

1
) = (500, 420) GeV 18.3± 3.4 19.7± 4.9 15.2± 4.1 8.0± 2.2 1.26± 0.64

(mt̃1
,mχ̃0

1
) = (500, 350) GeV 5.4± 2.0 11.6± 3.3 26.1± 6.7 18.7± 5.4 3.0± 1.1

(mt̃1
,mχ̃0

1
) = (600, 350) GeV 1.91± 0.87 3.2± 1.3 10.5± 3.0 24.0± 5.9 7.0± 2.2

(mt̃1
,mχ̃0

1
) = (900, 1) GeV 0.67± 0.19 0.61± 0.21 1.61± 0.50 11.7± 2.0 10.2± 1.8

〈σvis〉95obs [fb] 0.67 0.46 0.33 0.59 0.40

S95
obs 24.2 16.6 11.9 21.3 14.3

S95
exp 24.4+13.2

−7.6 16.0+5.6
−4.4 15.0+5.2

−3.1 24.9+9.6
−7.1 15.3+6.8

−2.2

p(s = 0) 0.5 0.41 0.5 0.5 0.5

Table 7. Observed and expected yields for all the signal regions considered in the analysis. The

uncertainties include experimental, theoretical, and Monte Carlo statistical uncertainties. Bench-

mark signal models yields are also given for each SR. The lower part of the table reports the 95%

CL upper limits on the visible cross-section, 〈σvis〉95obs, on the number of signal events, S95
obs, and on

the number of signal events given the expected number (and ±1σ excursions of the expectation) of

background events, S95
exp. The discovery p-value, p(s = 0), where s is the number of signal events,

is also reported. The value of 0.5 is assigned in the case of a downward data fluctuation where the

number of observed events is less than the expected number of events.
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R. Bartoldus150, A.E. Barton87, P. Bartos28a, A. Basalaev134, A. Bassalat128, R.L. Bates55,

S.J. Batista165, S. Batlamous34e, J.R. Batley31, M. Battaglia143, M. Bauce70a,70b, F. Bauer142,

K.T. Bauer169, H.S. Bawa150,m, J.B. Beacham122, M.D. Beattie87, T. Beau132,

P.H. Beauchemin168, P. Bechtle24, H.C. Beck51, H.P. Beck20,r, K. Becker50, M. Becker97,

C. Becot121, A. Beddall12d, A.J. Beddall12a, V.A. Bednyakov77, M. Bedognetti118, C.P. Bee152,

T.A. Beermann35, M. Begalli78b, M. Begel29, A. Behera152, J.K. Behr44, A.S. Bell92, G. Bella159,

L. Bellagamba23b, A. Bellerive33, M. Bellomo158, K. Belotskiy110, N.L. Belyaev110, O. Benary159,∗,

D. Benchekroun34a, M. Bender112, N. Benekos10, Y. Benhammou159, E. Benhar Noccioli181,

J. Benitez75, D.P. Benjamin47, M. Benoit52, J.R. Bensinger26, S. Bentvelsen118, L. Beresford131,

M. Beretta49, D. Berge44, E. Bergeaas Kuutmann170, N. Berger5, L.J. Bergsten26, J. Beringer18,

S. Berlendis56, N.R. Bernard100, G. Bernardi132, C. Bernius150, F.U. Bernlochner24, T. Berry91,

P. Berta97, C. Bertella15a, G. Bertoli43a,43b, I.A. Bertram87, C. Bertsche44, G.J. Besjes39,

O. Bessidskaia Bylund43a,43b, M. Bessner44, N. Besson142, A. Bethani98, S. Bethke113, A. Betti24,

A.J. Bevan90, J. Beyer113, R.M.B. Bianchi135, O. Biebel112, D. Biedermann19, R. Bielski98,

K. Bierwagen97, N.V. Biesuz69a,69b, M. Biglietti72a, T.R.V. Billoud107, M. Bindi51, A. Bingul12d,

C. Bini70a,70b, S. Biondi23b,23a, T. Bisanz51, C. Bittrich46, D.M. Bjergaard47, J.E. Black150,

– 27 –



J
H
E
P
0
9
(
2
0
1
8
)
0
5
0

K.M. Black25, R.E. Blair6, T. Blazek28a, I. Bloch44, C. Blocker26, A. Blue55, U. Blumenschein90,

Dr. Blunier144a, G.J. Bobbink118, V.S. Bobrovnikov120b,120a, S.S. Bocchetta94, A. Bocci47,

C. Bock112, D. Boerner180, D. Bogavac112, A.G. Bogdanchikov120b,120a, C. Bohm43a,

V. Boisvert91, P. Bokan170,y, T. Bold81a, A.S. Boldyrev111, A.E. Bolz59b, M. Bomben132,

M. Bona90, J.S. Bonilla127, M. Boonekamp142, A. Borisov140, G. Borissov87, J. Bortfeldt35,

D. Bortoletto131, V. Bortolotto71a,61b,61c,71b, D. Boscherini23b, M. Bosman14, J.D. Bossio Sola30,

J. Boudreau135, E.V. Bouhova-Thacker87, D. Boumediene37, C. Bourdarios128, S.K. Boutle55,

A. Boveia122, J. Boyd35, I.R. Boyko77, A.J. Bozson91, J. Bracinik21, N. Brahimi99, A. Brandt8,

G. Brandt180, O. Brandt59a, F. Braren44, U. Bratzler162, B. Brau100, J.E. Brau127,

W.D. Breaden Madden55, K. Brendlinger44, A.J. Brennan102, L. Brenner44, R. Brenner170,

S. Bressler178, B. Brickwedde97, D.L. Briglin21, T.M. Bristow48, D. Britton55, D. Britzger59b,

I. Brock24, R. Brock104, G. Brooijmans38, T. Brooks91, W.K. Brooks144b, E. Brost119,

J.H Broughton21, P.A. Bruckman de Renstrom82, D. Bruncko28b, A. Bruni23b, G. Bruni23b,

L.S. Bruni118, S. Bruno71a,71b, B.H. Brunt31, M. Bruschi23b, N. Bruscino135, P. Bryant36,

L. Bryngemark44, T. Buanes17, Q. Buat35, P. Buchholz148, A.G. Buckley55, I.A. Budagov77,

F. Buehrer50, M.K. Bugge130, O. Bulekov110, D. Bullock8, T.J. Burch119, S. Burdin88,

C.D. Burgard118, A.M. Burger5, B. Burghgrave119, K. Burka82, S. Burke141, I. Burmeister45,
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N. Krumnack76, M.C. Kruse47, T. Kubota102, S. Kuday4b, J.T. Kuechler180, S. Kuehn35,

A. Kugel59a, F. Kuger175, T. Kuhl44, V. Kukhtin77, R. Kukla99, Y. Kulchitsky105,

S. Kuleshov144b, Y.P. Kulinich171, M. Kuna56, T. Kunigo83, A. Kupco137, T. Kupfer45,

O. Kuprash159, H. Kurashige80, L.L. Kurchaninov166a, Y.A. Kurochkin105, M.G. Kurth15d,

E.S. Kuwertz174, M. Kuze163, J. Kvita126, T. Kwan174, A. La Rosa113, J.L. La Rosa Navarro78d,

L. La Rotonda40b,40a, F. La Ruffa40b,40a, C. Lacasta172, F. Lacava70a,70b, J. Lacey44,

D.P.J. Lack98, H. Lacker19, D. Lacour132, E. Ladygin77, R. Lafaye5, B. Laforge132, S. Lai51,
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D. Moreno22, M. Moreno Llácer35, P. Morettini53b, M. Morgenstern118, S. Morgenstern35,

D. Mori149, T. Mori161, M. Morii57, M. Morinaga177, V. Morisbak130, A.K. Morley35,

G. Mornacchi35, J.D. Morris90, L. Morvaj152, P. Moschovakos10, M. Mosidze157b, H.J. Moss146,

J. Moss150,n, K. Motohashi163, R. Mount150, E. Mountricha29, E.J.W. Moyse100, S. Muanza99,

F. Mueller113, J. Mueller135, R.S.P. Mueller112, D. Muenstermann87, P. Mullen55, G.A. Mullier20,

F.J. Munoz Sanchez98, P. Murin28b, W.J. Murray176,141, A. Murrone66a,66b, M. Muškinja89,
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Z. Rurikova50, N.A. Rusakovich77, H.L. Russell101, J.P. Rutherfoord7, N. Ruthmann35,

E.M. Rüttinger44,l, Y.F. Ryabov134, M. Rybar171, G. Rybkin128, S. Ryu6, A. Ryzhov140,

G.F. Rzehorz51, P. Sabatini51, G. Sabato118, S. Sacerdoti128, H.F-W. Sadrozinski143,

R. Sadykov77, F. Safai Tehrani70a, P. Saha119, M. Sahinsoy59a, M. Saimpert44, M. Saito161,

T. Saito161, H. Sakamoto161, A. Sakharov121,ak, D. Salamani52, G. Salamanna72a,72b,

J.E. Salazar Loyola144b, D. Salek118, P.H. Sales De Bruin170, D. Salihagic113, A. Salnikov150,

J. Salt172, D. Salvatore40b,40a, F. Salvatore153, A. Salvucci61a,61b,61c, A. Salzburger35,

D. Sammel50, D. Sampsonidis160, D. Sampsonidou160, J. Sánchez172, A. Sanchez Pineda64a,64c,

– 34 –



J
H
E
P
0
9
(
2
0
1
8
)
0
5
0

H. Sandaker130, C.O. Sander44, M. Sandhoff180, C. Sandoval22, D.P.C. Sankey141,

M. Sannino53b,53a, Y. Sano115, A. Sansoni49, C. Santoni37, H. Santos136a, I. Santoyo Castillo153,

A. Sapronov77, J.G. Saraiva136a,136d, O. Sasaki79, K. Sato167, E. Sauvan5, P. Savard165,au,

N. Savic113, R. Sawada161, C. Sawyer141, L. Sawyer93,aj, C. Sbarra23b, A. Sbrizzi23b,23a,

T. Scanlon92, D.A. Scannicchio169, J. Schaarschmidt145, P. Schacht113, B.M. Schachtner112,

D. Schaefer36, L. Schaefer133, J. Schaeffer97, S. Schaepe35, U. Schäfer97, A.C. Schaffer128,
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B.K. Wosiek82, K.W. Woźniak82, K. Wraight55, M. Wu36, S.L. Wu179, X. Wu52, Y. Wu58a,

T.R. Wyatt98, B.M. Wynne48, S. Xella39, Z. Xi103, L. Xia15b, D. Xu15a, H. Xu58a, L. Xu29,

T. Xu142, W. Xu103, B. Yabsley154, S. Yacoob32a, K. Yajima129, D.P. Yallup92, D. Yamaguchi163,

Y. Yamaguchi163, A. Yamamoto79, T. Yamanaka161, F. Yamane80, M. Yamatani161,

T. Yamazaki161, Y. Yamazaki80, Z. Yan25, H.J. Yang58c,58d, H.T. Yang18, S. Yang75, Y. Yang161,

Y. Yang155, Z. Yang17, W-M. Yao18, Y.C. Yap44, Y. Yasu79, E. Yatsenko5, K.H. Yau Wong24,

J. Ye41, S. Ye29, I. Yeletskikh77, E. Yigitbasi25, E. Yildirim97, K. Yorita177, K. Yoshihara133,

C.J.S. Young35, C. Young150, J. Yu8, J. Yu76, X. Yue59a, S.P.Y. Yuen24, I. Yusuff31,a,

B. Zabinski82, G. Zacharis10, R. Zaidan14, A.M. Zaitsev140,al, N. Zakharchuk44, J. Zalieckas17,

S. Zambito57, D. Zanzi35, C. Zeitnitz180, G. Zemaityte131, J.C. Zeng171, Q. Zeng150, O. Zenin140,
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136 Laboratório de Instrumentação e F́ısica Experimental de Part́ıculas — LIP(a); Departamento de

F́ısica(b), Faculdade de Ciências, Universidade de Lisboa, Lisboa; Departamento de F́ısica(c),

Universidade de Coimbra, Coimbra; Centro de F́ısica Nuclear da Universidade de Lisboa(d), Lisboa;

Departamento de F́ısica(e), Universidade do Minho, Braga; Departamento de F́ısica Teorica y del

Cosmos(f), Universidad de Granada, Granada (Spain); Dep F́ısica and CEFITEC of Faculdade de

Ciências e Tecnologia(g), Universidade Nova de Lisboa, Caparica; Portugal.
137 Institute of Physics, Academy of Sciences of the Czech Republic, Prague; Czech Republic.
138 Czech Technical University in Prague, Prague; Czech Republic.
139 Charles University, Faculty of Mathematics and Physics, Prague; Czech Republic.
140 State Research Center Institute for High Energy Physics, NRC KI, Protvino; Russia.
141 Particle Physics Department, Rutherford Appleton Laboratory, Didcot; United Kingdom.
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