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Outline

‣ ATLAS has an extensive search programme for both R-parity 
conserving (RPC) and violating (RPV) supersymmetric signatures

‣ I will focus on recent searches aiming primarily on RPV signatures 
‣ pair-produced resonances in four jets final states [ATLAS-CONF-2017-025]

‣ B-L scalar-top pair production [ATLAS-CONF-2017-036]

‣ lepton plus high jet multiplicity final state [arXiv:1704.08493]

‣ other searches with RPV interpretations are presented at EPS 
and/or can be found on our public results web page
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https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-025/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-036/
https://arxiv.org/abs/1704.08493
https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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R-parity violation

‣ definition of R-parity

‣ most general renormalisable, R-parity odd superpotential consistent 
with the gauge symmetry and field content of the MSSM

‣ acceptable proton decay rate can be assured by other discrete or 
continuous symmetries or with specific combinations of λ’s
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THE UNIVERSITY IDENTITY

The design of the Columbia identity 
incorporates the core elements of well- 
thought-out branding: name, font, 
color, and visual mark. The logo was  
designed using the official University 
font, Trajan Pro, and features specific 
proportions of type height in relation 
to the visual mark. The official Colum-
bia color is Columbia Blue, or Pantone 
290. On a light color background, the 
logo can also be rendered in black, grey 
(60% black), Pantone 280, or Pantone 
286; on a darker color background, the 
logo can be rendered in Pantone 290, 
291, or 284, depending on which color 
works best with the overall design of 
your product, the media in which it will 
be reproduced, and its intended use.
 

Black

Pantone 286

4-color Process
100% Cyan
72% Magenta
 

White or Pantone 290 
(Columbia Blue)
Background: 
Pantone 286

For photographs,  
use the logo in 
white against a 
darker area, posi-
tioning it either at 
top left/right or  
bottom left/right.

Introduction
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• RPV models include terms 
which violate lepton and 
baryon number 

• Decaying LSP -> lower 
missing transverse energy 

• QCD backgrounds very 
challenging in this regime 

• RPV couplings names from 
terms in superpotential 

• LLE term 

• LQD term 

• Bilinear LH term 

• UDD term
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‣ benchmark models
‣ top squark as lightest SUSY particle
‣ couplings large enough for prompt decay, 

but small enough to forbid single-top-squark 
resonant production

‣ signatures
‣ two jet pairs, each possibly containing a  

bottom quark, with same mass resonances

‣ analysis strategy
‣ require at least four central high-momentum jets
‣ put mass-dependent requirement on angular 

distance between jets in pairs ΔRmin
‣ define signal regions in angle of resonances to  

beams in global centre-of-mass frame and mass 
asymmetry, plus at least two b-jets for λ’’3i3 region

‣ final discriminant is average mass
‣ data-driven multi-jet, MC-based ttbar background estimate

Pair-produced resonances in four jets final states

4 EPS Conference on High Energy Physics - 07-07-2017
13 TeV, 36.7/fb ATLAS-CONF-2017-025
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term

UDD
term

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-025/
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Pair-produced resonances in four jets final states

5 EPS Conference on High Energy Physics - 07-07-2017

‣ results
‣ no significant excess seen in any signal region
‣ top-squark mass exclusion limits
‣ 100 — 410 GeV in inclusive selection
‣ 100 — 470 GeV and 480 — 610 GeV for decays to b-quarks (b-tag selection)

‣ also place lower-mass limits for
‣ pair production of scalar gluons (800 GeV)
‣ vector colour octet resonances coupling only to light quarks (1500 GeV)

13 TeV, 36.7/fb ATLAS-CONF-2017-025

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-025/
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‣ benchmark models
‣ gluino and RH stop pair production
‣ prompt decay of all sparticles
‣ λ' decay with equal light-lepton probability
‣ stop pair production considers only pure bino  

or higgsino LSP (no lepton in wino LSP case)

‣ signatures
‣ isolated lepton (e, µ), ≥ 8—12 jets, 

0 or ≥ 3 b-jets and little ETmiss

‣ analysis strategy
‣ no explicit ETmiss requirement requires stringent 

lepton identification and isolation to suppress 
fake or non-prompt lepton background

‣ require at least one lepton (e, µ)
‣ dominant ttbar and W/Z+jets background  

(using parametrised extrapolations from lower jet multiplicities)
‣ bins in jet and b-jet multiplicity used  

in model-dependent multi-bin fit
‣ dedicated signal regions used in model-independent test

Lepton plus high jet multiplicity final state

6 EPS Conference on High Energy Physics - 07-07-2017
13 TeV, 36.1/fb arXiv:1704.08493

LQD
term

UDD
term

RH

https://arxiv.org/abs/1704.08493
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UDD
term

UDD
term

mgluino ≥ 2.10 TeV mgluino ≥ 1.65 TeV

‣ results
‣ no significant excess seen in any signal region
‣ model-dependent lower limits on mass
‣ for gluinos up to between 1.65 and 2.10 TeV (depending on model)
‣ for stop up to between 1.1 and 1.25 TeV (depending on LSP nature)

‣ also upper limit of 60 fb on four-top-production cross section (6.5 × SM prediction) 
and model-independent upper limits on visible BSM cross section (σ⋅A⋅ε)

Lepton plus high jet multiplicity final state

7 EPS Conference on High Energy Physics - 07-07-2017
13 TeV, 36.1/fb arXiv:1704.08493

https://arxiv.org/abs/1704.08493
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‣ results
‣ no significant excess seen in any signal region
‣ model-dependent lower limits on mass
‣ for gluinos up to between 1.65 and 2.10 TeV (depending on model)
‣ for stop up to between 1.1 and 1.25 TeV (depending on LSP nature)

‣ also upper limit of 60 fb on four-top-production cross section (6.5 × SM prediction) 
and model-independent upper limits on visible BSM cross section (σ⋅A⋅ε)

UDD
term

mstop ≥ 1.1 — 1.24 TeV

LQD
term

mgluino ≥ 1.8 TeV

Lepton plus high jet multiplicity final state

8 EPS Conference on High Energy Physics - 07-07-2017
13 TeV, 36.1/fb arXiv:1704.08493

https://arxiv.org/abs/1704.08493
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‣ benchmark models
‣ additional local symmetry U(1)B-L (with right-handed neutrino supermultiplets)
‣ highly suppressed couplings to prevent short proton lifetimes
‣ stop pair production with prompt decays bottom quark and lepton

‣ signatures
‣ two oppositely charged leptons and two b-jets

‣ analysis strategy
‣ require at least two leptons (e, µ), at least two  

jets (at least one b-tagged), leading leptons 
to have opposite charge, and agreement 
between reconstructed stop masses

‣ require small mass asymmetry (mblasym < 0.2) 
and choose minimal pairing

‣ signal regions defined via larger mass 
(mbl0 > 800/1100 GeV)

‣ dominant backgrounds (ttbar, single top, Z+jets) 
estimated from MC normalised to data in control regions

B-L scalar-top pairs

9 EPS Conference on High Energy Physics - 07-07-2017
13 TeV, 36.1/fb ATLAS-CONF-2017-036
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B-L scalar-top pairs
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‣ results
‣ no significant excess seen in any signal region
‣ multi-bin fit to control and signal regions, performed for various branching ratios
‣ also model-independent upper limits on visible cross section of BSM processes

excluded excluded

excluded excluded excluded

excluded

stronger limit

st
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er
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13 TeV, 36.1/fb ATLAS-CONF-2017-036

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-036/
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Summary

‣ ATLAS has an extensive search programme for both R-parity 
conserving (RPC) and violating (RPV) supersymmetric signatures

‣ presented a subset of searches aiming primarily on RPV signatures 

‣ other searches with RPV interpretations are presented at EPS 
and/or can be found on our public results web page

11 EPS Conference on High Energy Physics - 07-07-2017

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/SupersymmetryPublicResults
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Multi-jet final states from gluino pair production

‣ benchmark models
‣ only UDD coupling non-zero
‣ gluino pair production independent of λ''
‣ all possible λ'' flavour combinations equal
‣ prompt gluino and neutralino decays
‣ gluino masses between 900 and 1900 GeV, 

neutralino masses between 50 and 1650 GeV 

‣ signatures
‣ high multiplicity of jets, 

likely at least one bottom or top quark 

‣ analysis strategy
‣ require at least four central large-radius jets 

(anti-kT, R=1.0)
‣ b-tag, b-veto, inclusive selection
‣ primary signal—background discrimination  

based on total jet mass MJΣ 
(scalar sum of four leading central large-radius jets)

‣ |Δη12| to define control and validation regions
‣ data-driven jet-mass template method to estimate background

13 EPS Conference on High Energy Physics - 07-07-2017
13 TeV, 14.8/fb ATLAS-CONF-2016-057
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Multi-jet final states from gluino pair production

‣ results
‣ no significant excess seen in any signal region
‣ limits on gluino mass
‣ between 1000 and 1550 GeV in cascade model
‣ up to 1080 GeV in direct-decay model

‣ also model-independent limits on production cross section

14 EPS Conference on High Energy Physics - 07-07-2017

cascade model direct decay
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Pair-produced resonances in four jets final states
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The analysis strategy exploits the case where the resonances are produced with a significant transverse
momentum. As a result the decay products are expected to be close-by. Taking advantage of this property,
candidate resonances are constructed by pairing the four leading jets in the event. Two jet pairs are
identified by minimizing the following quantity:

�Rmin =
X

i=1,2
|�Ri � 1|

where �Ri is the angular distance between the two jets for the ith pair and the sum is over the two pairs of
dijets. The o�set of �1 has been chosen to maximise the signal e�ciency for the masses of interest while
minimizing the e�ects of soft jets from radiated gluons being recombined with their parent jets in multijet
topologies.

The above criteria define the analysis preselection. Additional selections are applied to further enhance
the signal fraction. These are based on four discriminating variables established from simulation studies
and previous ATLAS searches [32, 35, 36].

To reduce the non-resonant multijet background, where the e�ciency of the pairing is expected to be
poor, a quality criterion is applied on the pairing metric. Resonances of larger masses are produced with a
lower boost, and their decay products are less collimated. To compensate for the larger (smaller) angular
separation between the jets at high mass (low mass) this requirement is made dependent on the average
mass of the two resonance candidates in the event, mavg. The event is discarded if the best combination of
the four leading jets satisfies:

�Rmin > �0.002 · (mavg/GeV � 225) + 0.72 if mavg  225 GeV
�Rmin > +0.0013 · (mavg/GeV � 225) + 0.72 if mavg > 225 GeV.

After boosting the system formed by the two resonances into its centre-of-mass frame, the cosine of the
angle that either of them forms with the beamline is defined as | cos(✓⇤) |. Background jets from multijet
production are frequently originating from t-channel gluon exchange and are preferentially produced in
the forward region, with | cos(✓⇤) | close to one. Jets originating from the signal are instead expected to
be more central and lead to small | cos(✓⇤) | values.

Since the two reconstructed resonances are expected to have equal mass, their mass di�erence is a powerful
discriminant between signal and background. The mass asymmetry (A) is defined as:

A = |m1 � m2 |
m1 + m2

.

where m1 and m2 are the invariant masses of the two reconstructed dijet pairs. A is expected to be close
to zero for well-paired signal events and is relatively constant for background events.

The distributions of �Rmin, A and | cos(✓⇤) | at preselection are shown for data, a top squark sample
with a mass of mt̃ = 500 GeV and a coloron sample with mass m⇢ = 1250 GeV in Fig. 2. Given
the very small signal purity expected before additional selections are applied, the data distribution can
be viewed as representative of the background expectation. Two additional requirements, of A < 0.05
and | cos(✓⇤) | < 0.3, define the inclusive signal region (SR), targeting resonance decays into light-quark
or gluons jets. The selections have been determined in an optimisation procedure that maximises the
expected signal significance.
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angle that either of them forms with the beamline is defined as | cos(✓⇤) |. Background jets from multijet
production are frequently originating from t-channel gluon exchange and are preferentially produced in
the forward region, with | cos(✓⇤) | close to one. Jets originating from the signal are instead expected to
be more central and lead to small | cos(✓⇤) | values.

Since the two reconstructed resonances are expected to have equal mass, their mass di�erence is a powerful
discriminant between signal and background. The mass asymmetry (A) is defined as:

A = |m1 � m2 |
m1 + m2

.

where m1 and m2 are the invariant masses of the two reconstructed dijet pairs. A is expected to be close
to zero for well-paired signal events and is relatively constant for background events.

The distributions of �Rmin, A and | cos(✓⇤) | at preselection are shown for data, a top squark sample
with a mass of mt̃ = 500 GeV and a coloron sample with mass m⇢ = 1250 GeV in Fig. 2. Given
the very small signal purity expected before additional selections are applied, the data distribution can
be viewed as representative of the background expectation. Two additional requirements, of A < 0.05
and | cos(✓⇤) | < 0.3, define the inclusive signal region (SR), targeting resonance decays into light-quark
or gluons jets. The selections have been determined in an optimisation procedure that maximises the
expected signal significance.
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Figure 3: Distribution of the average mass, mavg, in the inclusive signal region for top squark signals with
mt̃ = 250 GeV, 500 GeV, 750 GeV and coloron signals with m⇢ = 1.0 TeV, 1.25 TeV, 1.5 TeV.

If RPV couplings involving third generation quarks, � 003i3, dominate a b-quark is expected from each of the
top squark decays. A dedicated b-tagged SR selection is used for this scenario. On top of the requirements
applied in the inclusive selection it requires at least two b-tagged jets to be present in the event, which
significantly reduces the multijet background. The distribution of the number of b-tagged jets after pairing
the four jets into candidate resonances is shown for data and two top squark signals with masses of 250 and
500 GeV in Fig. 2d. An additional factor of about two in background reduction is gained by imposing that
each of the two b-jets is associated with a di�erent reconstructed resonance. This is particularly e�ective
in reducing the contribution of g ! bb̄ splittings, where the two b-jets are typically very collimated.

The final analysis discriminant is the average mass of the two reconstructed resonances:

mavg =
1
2

(m1 + m2)

A peak in mavg at a mass of about that of the resonance is expected for the signal, over a non-peaking
background from multijet processes. Figure 3 shows the expected mavg distribution for signal samples
with di�erent masses. For each mass hypothesis a counting experiment is performed in a window of
the mavg variable optimised to maximise the expected signal significance. The windows range from a
10 GeV width for a 100 GeV top squark to a 200 GeV width for a 1.5 TeV coloron. The mass window
for the highest target mass of 2 TeV considered has no upper edge. For signals closer in mass than the
experimental resolution, the related mass windows partially overlap.

The expected event yields in simulation in 36.7 fb�1 are shown in Table 1 after each di�erent requirement
is applied. The acceptance times e�ciency of the inclusive and b-tagged selections as a function of
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Figure 5: Scheme of the control regions in the | cos(✓⇤) | and A plane defined to estimate the multijet background
and to obtain the related uncertainty.

background estimate in the SR. In each mavg mass window the di�erence between the observed data and
the prediction in the VR (non-closure) is computed. The largest between the observed non-closure in the
VR and the statistical uncertainty of the data-driven method is assigned as uncertainty on the background
estimate. To obtain a monotonically increasing uncertainty as a function of mass, and avoid to quote an
unphysically small value of the systematic uncertainty for the mass windows where it crosses sign, this
uncertainty is further smoothed as a function of mavg. The Nadaraya-Watson [76, 77] kernel regression
estimate is used for the smoothing, with a bandwidth of 500 GeV (meaning that the quartiles of the kernels
are placed at ±125 GeV). The uncertainties assigned on the background prediction in the inclusive and
b-tagged selections are summarised in Fig. 6.

8 Systematic Uncertainties

While the multijet background uncertainties pertain primarily to the estimation method itself, the top
background and the signals are also a�ected by uncertainties related to the description of detector e�ects
and to the physics modelling of the MC simulation.

The dominant detector-related systematic e�ects are due to the uncertainties on the jet energy scale (JES)
[72] and resolution (JER) [78] and from the b-tagging e�ciency and mistag rate [75].

Since MC simulation is used to determine the contribution from top events in the b-tagged signal region,
systematic uncertainties related to the MC generator of the process need to be estimated. These are
evaluated by comparing the nominal samples to additional samples with systematic variations. A modelling
uncertainty is derived by comparing the predictions of the nominal sample with a sample produced with
P����� interfaced with H�����++ 2.7.1, or with MG5_aMC@NLO and showered with H�����++. In
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the signal mass are shown before and after applying the mavg mass window requirement in Fig. 4. The
acceptance of the SR selections increases for large masses due to the four jets from the signal having a
larger pT. However, as the jet pairing does not always correctly assign the resonance candidates for high
masses, the signal has a tail extending to low mavg values, degrading the e�ciency of the mass window
selection.

7 Background estimation

The dominant background from multijet production is estimated directly from data, with a method that
predicts both the normalisation and the shape of the mavg distribution. In the b-tagged selection, for mavg
below 200 GeV, the tt̄ contribution becomes significant, and is estimated from simulation.

For the inclusive selection the mavg distribution in the signal region is obtained from data. For each mavg bin
the data sample is divided into one region where the signal selection is applied (D) and three background
dominated control regions (A, C and F). The variables used to define the di�erent regions, summarised
in Fig. 5, are A and | cos(✓⇤) |. Provided the two variables defining the regions are uncorrelated, and
the signal leackage in the background dominated regions can be neglected, the amount of background
in the region of interest D can be predicted from the observed number of events in the control regions
as ND = NA ⇥ NF/NC . Two additional regions are defined in the A-| cos(✓⇤) | plane. They define a
validation region (VR), region E, which is used to test the performance of the data driven method and
assign an uncertainty to the background estimate. The validation region is defined with the same selections
of the signal region, with the asymmetry requirement changed to 0.05 < A < 0.15. The background
contribution in the VR is estimated as NE = NB ⇥ NF/NC . In the inclusive selection the data-driven
estimate also accounts for the contribution from the tt̄ production, which amounts to less than 1% of
the total background for mavg < 200 GeV, and is negligible above. The linear correlation between the
| cos(✓⇤) | andA variables has been evaluated in data and simulated multijet samples, where it amounts to
1.8% and 2.2%, respectively. To reduce the impact of correlations observed in data at large mavg and high
A values the A-| cos(✓⇤) | plane is restricted to 0.0 < A < 0.7 and 0.0 < | cos(✓⇤) | < 0.7.

For the b-tagged selection the large amount of signal contamination present in region A would potentially
bias the result of the background estimate. The multijet background for this selection is thus estimated
in two steps. The shape of the mavg distribution is first predicted in a region with a b-tag veto (zero-
tag) and then extrapolated to the b-tagged signal region. The mavg distribution in the zero-tag region is
obtained with a data-driven estimate, analogously to the inclusive selection. The zero-tag prediction is then
extrapolated to the two b-tag plane by means of projection factors computed bin-by-bin in mavg, similarly to
the approach described in Ref. [36]. The projection factors, for a given mavg bin and region X, are defined
as the ratio between the number of events in the two-tag over the zero-tag planes (NX2/NX0). To avoid
being sensitive to signal contamination the projection factor is evaluated in region F. The contributions
from multi-jet and tt̄ production have di�erent scaling going from the zero- to the b-tagged selection.
Hence, simulated samples are used to subtract the tt̄ contribution in all control regions. The tt̄ estimate
in the signal region is then obtained directly from the simulation, considering all relevant modeling and
experimental uncertainties.

The observed number of events in each of the regions used in the background estimate of both the inclusive
and b-tagged selections is shown before applying the mass window requirements in Table 2. Within the
statistical uncertainties the method is seen to well reproduce both the normalisation and the shape of
mavg in the VRs. The agreement observed in the VRs is used to derive a systematic uncertainty on the
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decaying to an s-quark and a b-quark via a non-zero �00323 RPV coupling.2 The third model involves the
gluino decaying to two first or second generation quarks (q ⌘ (u, d, s, c)) and the �̃0

1 LSP, which then
decays to two additional first or second generation quarks and a charged lepton or a neutrino (�̃0

1 ! qq̄0`
or �̃0

1 ! qq̄⌫, labelled as �̃0
1 ! qq̄`/⌫). The decay proceeds via a �0 RPV coupling, where each RPV decay

can produce any of the four first- and second-generation leptons (e±, µ±, ⌫e, ⌫µ) with equal probability. For
this model, �̃0

1 masses below 50 GeV are not considered.

The fourth scenario considered involves right-handed top-squark pair production with the top squark
decaying to a bino or higgsino LSP. The LSP decays through the non-zero RPV coupling �00323 ⇡ O(10�2–
10�1), with the value chosen to ensure prompt decays for the particle masses considered3 and to avoid
more complex patterns of RPV decays that are not considered here. Figure 1(d) shows the production and
possible decays considered. The di↵erent decay modes depend on the nature of the LSP and have a small
dependence on the top-squark mass, with the top squark decaying as: t̃ ! t�̃0

1 for a bino-like LSP and
as t̃ ! t�̃0

2 (⇡25%), t̃ ! t�̃0
1 (⇡25%), t̃ ! b�̃+1 (⇡50%) for higgsino-like LSPs. With the chosen model

parameters, the electroweakinos decay as �̃0
1/2 ! tbs or �̃±1 ! bbs. The search results are interpreted

in this model, with the assumption of either a pure higgsino (H̃) or pure bino (B̃) LSP. In the case of
a wino LSP, the search has no sensitivity as the top squark decays directly as t̃ ! b̄s̄ with no leptons
produced in the final state. For this case, a dedicated ATLAS search [24] excludes top-squark masses up
to 315 GeV.

Event samples for the first signal model (g̃! tt̄�̃0
1 ! tt̄uds) are produced using the Herwig++ 2.7.1 [25]

event generator with the cteq6l1 [26] PDF set, and the UEEE5 tune [27]. For the other three models, the
MG5_aMC@NLO v2.3.3 [28] event generator interfaced to Pythia 8.210 is used. For these cases, signal
events are produced with either one (g̃ ! t̄t̃ ! t̄b̄s̄ model) or two (g̃ ! qq̄�̃0

1 ! qq̄qq̄`/⌫ and t̃ ! tH̃/B̃
models) additional partons in the matrix element and using the A14 [29] tune. The parton luminosities
are provided by the NNPDF23LO [30] PDF set.

Signal cross-sections are calculated to next-to-leading order in the strong coupling constant, adding the
resummation of soft-gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [31–35]. The
nominal cross-section and its uncertainty are taken from an envelope of cross-section predictions using
di↵erent PDF sets as well as di↵erent factorization and renormalization scales, as described in Ref. [36].

The analysis is also used to search for SM four-top-quark production. In this case, the tt̄tt̄ sample is gener-
ated with the MG5_aMC@NLO 2.2.2 event generator interfaced to Pythia 8.186 using the NNPDF23LO
PDF set and the A14 tune.

3.2.2 Simulated background events

The dominant backgrounds from top-quark pair production and W/Z+jets production are estimated from
the data as described in Section 6, whereas the expected yields for minor backgrounds are taken from
Monte Carlo simulation. In addition, the background estimation procedure is validated with simulated
events, and some of the systematic uncertainties are estimated using simulated event samples. The
samples used are shown in Table 1 and more details of the event generator configurations can be found in
Refs. [37–40].

2 The same final state can be produced by requiring a non-zero �00313 RPV coupling, however the minimal flavour violation
hypothesis [22] favours a large �00323 coupling [23].

3 LSP masses below 200 GeV are not considered as in this case non-prompt RPV decays can occur.
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factors are applied to events to compensate for di�erences between data and MC simulation in the b-tagging
e�ciency for b-, c-, and light-jets.

To avoid reconstructing a single detector signature as multiple leptons or jets, an overlap removal procedure
is performed on baseline leptons and jets. The requirements are applied sequentially, and failing particles
are removed from consideration in the subsequent steps. If an electron and muon share a track in the
ID, the electron is removed. Any jet that is not b-tagged and is within a distance2 �R(`, jet)  0.20 of
a lepton is removed. If the jet is b-tagged, the lepton is removed instead in order to suppress leptons
from semi-leptonic decays of c- and b-hadrons. Finally, any lepton within �R(`, jet)  0.40 of a jet is
removed.

The identification, reconstruction, isolation, and trigger e�ciencies of electrons [65] and muons [66] in
MC simulation are corrected using events in data with leptonic Z and J/ decays. Similarly, corrections
to the b-tagging e�ciency and mis-tag rate in MC simulation are derived from various control regions in
data [75].

5 Event selection

To identify the pair production of scalar tops, events are required to have at least two leptons and two jets.
If more than two leptons or two jets are found, the objects with the highest pT are selected. At least one of
the two leading jets must be b-tagged. The selected leptons are required to have opposite charge, and one
of them must be consistent with the associated single-lepton trigger. This trigger requirement is highly
e�cient for signal events, with an e�ciency of 93% for the µµ channel and 98% for the ee channel.

The lepton–jet pair of each t̃ decay will roughly reconstruct the invariant mass mb` of the original t̃. In an
event with two leptons and two jets, two pairings are possible; one that reconstructs the correct t̃ masses,
and one which inverts the pairing and incorrectly reconstructs the masses. As the two masses should be
roughly equal, the pairing which minimizes the mass asymmetry between m0

b` and m1
b` is chosen, defined

as

masym
b` =

m0
b` � m1

b`

m0
b` + m1

b`

.

Here m0
b` is chosen to be the larger of the two masses. Events are further selected to have small mass

asymmetry masym
b` < 0.2. This reduces the contamination from background processes, whose random

pairings lead to a more uniform masym
b` distributions.

Two nested signal regions (SRs) are constructed to optimize the identification of signal over background
events. The signal regions are optimized using MC signal and background predictions, assuming t̃ decays
of Br(t̃ ! be) = Br(t̃ ! bµ) = 50%. A primary kinematic selection of the signal regions is on m0

b` ,
with SR800 requiring m0

b` > 800 GeV and SR1100 requiring m0
b` > 1100 GeV. By defining two signal

regions the sensitivity to high mass signals above 1.1 TeV is improved, while still allowing for sensitivity
to lower mass signals. Several other kinematic selections, common to both SRs, are defined to reduce the

2 The distance between two four-vectors is defined as �R =
p
(�⌘)2 + (��)2, where �⌘ is their distance in pseudorapidity and

�� is their azimuthal distance. The distance with respect to a jet is calculated from its central axis.
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contribution of the largest backgrounds. As the t̃ decay products are generally very energetic, a selection
on their pT sum,

HT =
2’
i=1

p`iT +
2’
j=1

p
jet j
T

is applied, such that HT > 1000 GeV. To reduce contamination from Z+jets events, a requirement is
placed on the invariant mass of two same-flavor leptons, with m`` > 300 GeV. A large fraction of
background processes involving a top quark is suppressed through the requirement on m0

b` and masym
b` ,

with correctly reconstructed top masses falling well below the signal region requirements. However, top
decays in which the lepton and b-jet decay products are mispaired can enter the SRs if the incorrectly
reconstructed masses are large. In such cases it is the rejected pairing that properly reconstructs the top
decay, with one of the two b` pair masses below the kinematic limit for a top decay. To suppress such
backgrounds, events are rejected if the subleading b` mass of the rejected pairing, m1

b`(rej), is compatible
with that of a reconstructed top quark, with m1

b`(rej) < 150 GeV.

The distribution of predicted signal and background events is shown for the SR800 region in Fig. 2 for
m0

b` , HT, masym
b` , m`` , and m1

b`(rej), demonstrating the potential for background rejection. For the 1 TeV
(1.5 TeV) mass signal model, the SR800 selections are 21% (24%) e�cient for events with two t̃ ! be
decays, 16% (16%) for events with two t̃ ! bµ decays, and 0.1% (0.3%) for events with two t̃ ! b⌧
decays.

6 Background estimation

For each of the relevant backgrounds in the signal regions, one of two methods is used to estimate the
contribution. For the minor diboson, tt̄ +V , and W+jets backgrounds, the prediction from MC simulation
is taken, corrected to the highest order theoretical cross section available. For the dominant tt̄, single-top,
and Z+jets backgrounds, the expected yield in the SRs is estimated by scaling each MC prediction by a
normalization factor (NF) derived from three dedicated control regions (CRs), one for each background
process. Each control region is defined to be kinematically close to the SRs while inverting or relaxing
specific selections to enhance the contribution of the targeted background process while reducing the
contamination from other backgrounds and the benchmark signals.

To derive a background-only estimation, the normalizations of the tt̄, single-top, and Z+jets backgrounds
are determined through a likelihood fit [76] performed simultaneously to the observed number of events
in each CR. The expected yield in each region is given by the sum over all background processes in the
ee, eµ, and µµ channels inclusively. The NF for each of the tt̄, single-top, and Z+jets backgrounds are
free parameters of the fit. The systematic uncertainties are treated as nuisance parameters in the fit.

Several validation regions (VRs) are defined to test the extrapolation from the CRs to SRs over the relevant
kinematic variables. The VRs are disjoint from both the CRs and SRs, and are constructed to fall between
one or more CRs and the SRs in one of the extrapolated variables. The VRs are not included in the fit, but
provide a statistically independent cross-check of the background prediction in regions with a negligible
signal contamination. Three VRs are constructed to test the extrapolation in the m0

b` , m1
b`(rej), and HT

observables. A fourth VR is constructed to validate the extrapolation of the Z+jets CR in m`` . Details of
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