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detector at the LHC in 2016-2018. With no statistically significant excess of events observed
beyond the expected contributions from the standard model, the data are used to determine
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1 Introduction

The standard model (SM) of particle physics describes observed phenomena of elementary
particles with incredible precision. Despite this success, there remain many questions
unanswered by the SM that inspire a continuing search for new particles and phenomena
predicted by theories beyond the SM (BSM). Supersymmetry (SUSY) is a long-sought-after
BSM framework that addresses several shortcomings of the SM including the gauge hierarchy
problem, in which radiative corrections to the Higgs boson mass parameter, especially those
associated with the top quark, are quadratically divergent. In SUSY, this hierarchy problem
can be mitigated by the presence of a light bosonic top squark t, which, as the supersymmetric
partner of the top quark, brings an additional set of radiative corrections that largely cancel
the divergent SM corrections [1, 2]. Historically, searches for strong production of t squarks
have focused on final states with large missing transverse momentum pis related to the
undetected lightest SUSY particle (LSP) produced in t squark decays; strong limits have
been placed on t squark production in this context [3-10]. However, well-motivated variants
of SUSY can produce final states without large piss including SUSY with R-parity violation
(RPV) [11, 12] and “stealth” SUSY [13-15].
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Figure 1. Diagrams of top squark pair production with each squark decaying to a top quark and

additional light-flavor quarks for the RPV SUSY model (left) and with each squark decaying to a top
quark, gluons, and a gravitino for the stealth SYY model (right).

In this analysis, we search for t squark pair production with decays in both the RPV and
stealth SUSY frameworks. In RPV SUSY, additional superpotential terms allow the LSP to
decay into SM particles, thereby producing a signature with balanced transverse momentum
pr. The RPV coupling governing hadronic decays of SUSY particles is denoted by A, . where
a, b, ¢ indicate the generation of the one up-type and two down-type quarks involved in the
decay vertex [11]. In the benchmark RPV model considered here, each t squark decays to a
top quark t and a neutralino Y!, followed by the RPV decay of the X! to three light-flavor
quarks, ¥ — qqq. Since the analysis is insensitive to differences between jets originating
from quarks of the first and second generations, the results are applicable to RPV models
with coupling A/, where a,b,c € {1,2}. The stealth SUSY SYY model [14] assumes a new
hidden sector containing a scalar particle S with even R-parity and its superpartner g, both
of which are singlets under all SM interactions [13]. The key feature of stealth SUSY is
that supersymmetry is approximately conserved in the hidden sector, resulting in nearly
mass-degenerate S and S without artificial tuning of particle masses. In the benchmark
SYY model, each t squark decays to a top quark, gluon g, and a singlino g, with the S
decay contributing a gravitino G and two additional gluons to the final state, as shown in
figure 1. Because of the small S-S mass difference and small G mass, the undetected G
results in negligible observed piss.

The CMS Collaboration at the CERN LHC published a search for these signals in
2021 [16] based on the full Run 2 data set that considered final states with exactly one
lepton and at least seven jets. The results showed a maximum local signal significance
of 2.8 standard deviations for a t squark mass m; of 400 GeV in the RPV model, arising
primarily from terms in the fit likelihood for constrained nuisance parameters associated
with the systematic uncertainty in the shape of the jet multiplicity (Njets) distribution for
the dominant tt + jets background.

The search presented in this paper extends and improves on the previous analysis in
two ways.



First, to better evaluate whether any observed discrepancy arises in events with two
top quarks in the final state, we now consider all three tt decay channels: all-hadronic
(0¢), single-lepton (1¢), and fully leptonic (2¢). This results in a ~30% improvement in the
expected upper limit on the t squark pair production cross section for the RPV signal model
with m; = 850 GeV (near the previous exclusion limit on m;).

Second, the method for estimating the primary tt + jets background from data has
been updated to reduce the dependence of the analysis on systematic uncertainties related
to the Njets modeling in tt + jets events [16]. In the previous analysis, the maximum
likelihood fit, which provides a simultaneous estimate of the tt + jets background and
signal, relied on modeling of the shape of the Njes distribution for the background. In
the current analysis, however, the fit employs independent background yield parameters
for each Njets category. These yield parameters are constrained using an effective sideband
extrapolation in two independent neural network (NN) variables that discriminate signal from
the background (called Sxn,1 and Sxw,2), which are generated according to the ABCDisCo
Training Enhanced with Closure (ABCDisCoTEC) method [17]. This method augments the
ABCDisCo technique [18], which minimizes the distance correlation between Sy 1 and Snw,2,
by also directly minimizing the nonclosure of the sideband extrapolation in the NN training.
This technique yields an overall reduction in systematic uncertainty arising from possible
discrepancies in the shape of the Njes spectrum. The expected upper limit on the t squark
pair production cross section has improved by a factor of ~2 at low m; (between 300 and
450 GeV) for both signal models as a result of this improvement.

The detector and general experimental techniques are described in section 2, followed by
a discussion of the simulated samples in section 3. The event selection is detailed in section 4.
Section 5 outlines the ABCDisCoTEC method and its application in this analysis. The
background estimation and treatment of systematic uncertainties are detailed in section 6
and 7, respectively. Finally, the results and their interpretation are described in section 8,
followed by a summary in section 9. Tabulated results are provided in the HEPData record
for this analysis [19].

2 Experimental techniques

This search examines proton-proton (pp) collision data at /s = 13 TeV collected during
20162018 with the CMS detector at the LHC corresponding to an integrated luminosity of
138fb~1 [20-22]. The CMS apparatus [23, 24] is a multipurpose, nearly hermetic detector,
designed to trigger on [25-27] and identify electrons, muons, photons, and (charged and
neutral) hadrons [28-30]. Its central feature is a superconducting solenoid of 6 m internal
diameter, providing a magnetic field of 3.8 T. Within the solenoid volume are a silicon
pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and
a brass and scintillator hadron calorimeter (HCAL), each composed of a barrel and two
endcap sections. Forward calorimeters extend the pseudorapidity coverage provided by the
barrel and endcap detectors. Muons are reconstructed in gas-ionization detectors embedded
in the steel flux-return yoke outside the solenoid. More detailed descriptions of the CMS
detector, together with a definition of the coordinate system used and the relevant kinematic
variables, can be found in refs. [23, 24].



The primary vertex (PV) is taken to be the vertex corresponding to the hardest scattering
in the event, evaluated using tracking information alone, as described in section 9.4.1 of
ref. [31]. A particle-flow algorithm [32] aims to reconstruct and identify each individual
particle in an event, with an optimized combination of information from the various elements
of the CMS detector. The energy of photons is obtained from the ECAL measurement. The
energy of electrons is determined from a combination of the electron momentum at the PV
as determined by the tracker, the energy of the corresponding ECAL cluster, and the energy
sum of all bremsstrahlung photons spatially compatible with originating from the electron
track. The energy of muons is obtained from the curvature of the corresponding track. The
energy of charged hadrons is determined from a combination of their momentum measured in
the tracker and the matching ECAL and HCAL energy deposits, corrected for the response
function of the calorimeters to hadronic showers. Finally, the energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL energies.

For each event, hadronic jets are clustered from these reconstructed particles using the
anti-kr algorithm [33, 34] with a distance parameter of 0.4. Jet momentum is determined as
the vectorial sum of all particle momenta in the jet, and is found from simulation to be, on
average, within 5 to 10% of the true momentum over the whole pr spectrum and detector
acceptance. Additional pp interactions within the same or nearby bunch crossings (pileup)
can contribute additional tracks and calorimetric energy depositions to the jet momentum.
To mitigate this effect, charged particles identified to be originating from pileup vertices are
discarded and an offset correction is applied to correct for remaining contributions [35]. Jet
energy corrections are derived from simulation studies so that the average measured energy of
jets becomes identical to that of particle level jets. In situ measurements of the momentum
balance in dijet, photon + jet, Z + jet, and multijet events are used to determine any residual
differences between the jet energy scale in data and in simulation, and appropriate corrections
are made [36]. Additional selection criteria are applied to each jet to remove jets potentially
dominated by instrumental effects or reconstruction failures [35].

For this analysis, reconstructed jets are required to have pp > 30 GeV and |n| < 2.4.
Jets that overlap with a lepton meeting the analysis requirements within a cone of radius
AR = V(A¢)? + (An)? = 0.4 are removed. These jets are evaluated using the “medium”
working point of the DeepJet tagging algorithm designed to identify jets as arising from bottom
quark fragmentation (b-tagged jet). For jets with pp =~ 30 GeV, the efficiency of the algorithm
is &~75% with a misidentification rate for light-flavor jets and gluon jets of 1% [37-39].

Electrons are required to pass a “tight” level of identification that is around 70% efficient
in electron identification [28, 40]. All electrons in this analysis are required to meet the
requirements of pr > 30 GeV and |n| < 2.4. For data in 2017-2018, the pt threshold is raised
to 37 GeV to accommodate higher trigger thresholds. The transverse and longitudinal impact
parameters of the electron track from the PV are required to be less than 0.05 (0.10) cm in
the barrel (endcap) and less than 0.10 (0.20) cm in the barrel (endcap), respectively.

Muons are required to pass a “medium” level of identification that is around 98% efficient
for genuine muon identification [29]. Muons are additionally required to have pr > 30 GeV
and |n| < 2.4. The transverse (longitudinal) impact parameters of the muon track from the
PV are required to be less than 0.2 (0.5) cm, respectively.



Additionally, electrons and muons are required to be isolated from nearby detector
activity, as defined by the requirement that the ratio of the pr sum of other objects in a
cone surrounding the lepton to the pr of the lepton itself be less than 0.1 (0.2) for electrons
(muons), where the radius of the cone scales as 1/pr [41] and ranges from a minimum of 0.05
for leptons with pr > 200 GeV to a maximum of 0.2 for pp < 50 GeV.

In addition to the muons defined above, a second collection of muons is used to define a
control region (CR) for multijet production from quantum chromodynamics (QCD multijet).
These muons, called nonisolated muons, have the same “medium” identification, n, and impact
parameter requirements as standard muons, but they are required to have pr > 55 GeV
and the isolation requirement is reversed.

Events of interest are selected using a two-tiered trigger system. The first level (L1),
composed of custom hardware processors, uses information from the calorimeters and muon
detectors to select events at a rate of around 100 kHz within a fixed latency of 4 us [25].
The second level, known as the high-level trigger, consists of a farm of processors running a
version of the full event reconstruction software optimized for fast processing, and reduces
the event rate to around 1kHz before data storage [26].

For the 0 channel, a collection of triggers that target large amounts of hadronic activity
and b-tagged jets are employed. The most efficient of these triggers requires six jets with
pr > 40 GeV, a b-tagged jet, and the scalar pr sum of all jets, Hp, to be above 450 (430) GeV,
for data collected in 2016 (2017-2018). Additional hadronic triggers are also included that
require events to have at least one jet with pp > 450 (500) GeV or Ht > 900 (1050) GeV,
with no other restrictions, for data collected in 2016 (2017-2018). In 2016, this combination
of triggers achieves an overall efficiency of 85-90% near the thresholds of Hr > 450 GeV or
pr > 40 GeV for the sixth highest ranked pr jet. In 2017-2018, among events with only
one b-tagged jet (at least 2 b-tagged jets), the overall efficiency is about 55 (80)% near the
thresholds of Ht > 500 GeV or sixth jet pr > 40 GeV.

In both the 1¢ and 2¢ channels, events are selected with triggers requiring at least one
electron or one muon. The lowest pp thresholds for these triggers in 2016 (2017-2018) are
27 (35) GeV for electrons and 24 (24) GeV for muons. Additionally, the leptons are required
to be isolated from tracks and from calorimeter activity. Lepton triggers without isolation
requirements are also used with higher thresholds of 115 GeV for electrons and 50 GeV for
muons. All leptonic triggers are combined for an overall efficiency ranging from about 70% for
leptons with pr near the trigger threshold to above 85% for pr > 120 GeV. The single-muon
trigger with the 50 GeV pr threshold is additionally used to populate the QCD multijet CR.
The efficiency of this trigger alone is about 90% for muons with pr > 100 GeV.

During the 2016 and 2017 data taking, a gradual shift in the timing of the inputs of
the ECAL L1 trigger in the region at || > 2.0 caused a specific trigger inefficiency. For
events containing an electron (a jet) with pp larger than ~ 50 GeV (100 GeV), in the region
2.5 < |n| < 3.0, the efficiency loss is ~10-20%, depending on pr, 7, and time.

3 Simulated samples

Simulated samples are used to estimate contributions from minor backgrounds to the search
region (SR) yields, to model the signal contribution in the SR, to estimate systematic
uncertainties, and to serve as inputs (signal and tt) to the training of NNs.



Top quark pair production, ¢-channel single top quark production, and single top quarks
produced in association with a W boson are generated with the next-to-leading order (NLO)
POWHEG v2.0 generator [42-47]. The MADGRAPH5 aMC@NLO v2.6.5 generator [48] is used
in NLO mode for tt + W/Z/H, tttt, tZq, and s-channel single top quark production events,
while leading order (LO) mode is used for QCD multijet, tt + diboson/tW /t + jet, Drell-Yan,
and W + jets production. Diboson production is generated at LO with PYTHIA v8.240 [49].
Samples are normalized to production cross sections calculated to the highest available
accuracy, generally NLO or next-to-NLO (NNLO) [48, 50-56].

For the signal, top squarks are produced with MADGRAPH5_aMC@NLO in LO mode
with up to two additional partons at the matrix element level and their decays are simulated
with PYTHIA. Signal production cross sections (Uﬁ) are approximated to NNLO plus next-to-
next-to-leading logarithmic (NNLL) accuracy [57-61]. A range of mj is considered from 300
to 1050 GeV, and all decays are assumed to be prompt with branching fractions of unity. In
the benchmark RPV model, we take the ¥ mass to be 100 GeV, which ensures an on-shell
top quark in the t squark decay for all m;. For the benchmark stealth SYY model, the
characteristic small S-S mass difference is held constant at 10 GeV, and we assume an S
mass of 100GeV and a G mass of 1GeV.

Hadronization and parton showering is done by PYTHIA using underlying event (UE) tune
CP5 [62, 63]. Parton distribution functions (PDFs) from the NNPDF3.1 NNLO set [64] are
used for all processes. The CMS detector response is modeled in simulation using GEANT4 [65].
This response is then passed through the same event reconstruction as collision data.

In order to match the instantaneous luminosity profile measured at the CMS detector,
simulated events are reweighted based on the distributions of the observed and simulated
number of pp interactions per bunch crossing. Corrections related to the efficiencies of the
trigger system (including for the ECAL timing shift), lepton identification and isolation
(for the 1¢ and 2¢ channels), b tagging, and top quark tagging (for the 0¢ channel) are
applied to simulated events in order to mitigate small differences observed with respect to
data. These corrections are calculated by comparing the efficiency of object identification
in simulation to that in data.

4 Event selection

The dominant background for the search arises from top quark pair production with additional
jets from initial- and final-state radiation (ISR and FSR). The primary physical observable
that allows discrimination of signal from tt + jets background is Njets, which is enhanced in
the signal. QCD multijet production is the subdominant background with additional minor
backgrounds from production of tt in association with SM weak gauge bosons or additional
top quarks (tt+X), production of weak gauge bosons, and single top quark production — all
with additional jets from ISR or FSR. The QCD multijet and other non-tt backgrounds are
suppressed via selection criteria related to the presence of a top quark. We require either one
or two charged leptons (e or u) or, for events with zero charged leptons, the identification
of a top quark via a top quark tagging algorithm. Further suppression is obtained with
requirements based on the presence of b-tagged jets.



Selection criteria 0/ 1/ 20

le‘p’tons 0 1 2, oppositely charged
Nponiso 0 0 0

Ht (GeV) >500 >500 >500
Niets  (pr > 30GeV)  >8 >7 >6
Njets  (pr > 45GeV)  >6 — —

Ny, (pr > 30GeV) >92 >1 >1

Ny (pr > 45GeV) >1

N >2 — -

My (GeV) —  >50, <250 —

My (GeV) — — <81 or >101
ARy >1 — —

Table 1. Search region selections for the 0/, 1¢, and 2¢ channels. The term N"°"% denotes the

muon
number of nonisolated muons.

The selection criteria for the three search channels are summarized in table 1. The three
search region selections are defined orthogonally using exact selections on the number of
isolated leptons leﬁtons- Each selection is defined such that it is more restrictive than the
trigger requirements for jets, leptons, and Hr for the respective channels. The particular
Nijets selection for each channel follows from the leptonic versus hadronic decay of each W
boson, while also considering effects from detector acceptance and contributions from other
backgrounds. Additional restrictions are placed on the jets for the 0¢ channel to match the
jet pr requirements in the trigger. Jets passing these additional restrictions are a subset
of the jets that pass the less strict pr requirement.

FEach of the three search channels is also defined with dedicated selections to enhance
background rejection based on the unique final-state topology of each channel. The 0¢
channel selection requires at least two b-tagged jets (NVy,), which are angularly separated by
ARpjets > 1 to minimize the QCD multijet event yield. This background is further reduced by
requiring at least two tagged top quark objects (IVy) identified by an NN-based hadronic top
quark tagging algorithm [6, 66]. The t tagging algorithm employs two different NNs, with one
network trained to identify low-pr top quarks (<400 GeV) that decay to three individually
resolved jets, and the other to identify high-pt top quarks from single jets clustered with
the anti-kT algorithm with a distance parameter of 0.8. The working point for the t tagging
algorithm is optimized in order to maximize statistical significance in the 0¢ search channel.
The average efficiency for the two taggers is ~40%.

The 14 channel event selection imposes that the invariant mass of the required b-tagged
jet and lepton (Myy) be between 50 and 250 GeV to loosely tag the leptonically decaying
top quark in the event. Finally, the 2¢ selection requires that the invariant mass of the
two oppositely charged leptons (M) be distant from the Z boson mass resonance peak in
order to reduce the Drell-Yan background.



For each of the three analysis channels, a unique QCD multijet CR is used to estimate the
QCD multijet event yield in the SR. These events are identified by the presence of a nonisolated
muon along with the same requirements for Njets and Ht used for the corresponding SR
definitions. The requirement of exactly one nonisolated muon ensures that the CR is
sufficiently pure in multijet events and matches the trigger requirements. No additional
requirements are placed on Ny, or Ni.

Simulated background events passing the SR selection requirements for a given analysis
channel predominantly originate from tt + jets production, with contributions of less than 7%
from QCD multijet processes, and a few percent from the remaining minor backgrounds.

5 The ABCDisCoTEC method

The ABCD method [67, 68] is a common background estimation technique that uses data
CRs to extrapolate the background into the signal region. The method’s success depends on
choosing two quantities that are independent from each other and can distinguish between
signal and background. Having chosen two independent quantities, four regions are constructed
in a two-dimensional (2D) plane with each quantity defining an axis of the plane. These regions
are created by imposing selection criteria on both quantities. The CRs are subsequently
referred to as B, C, D and cover the domain of the plane that is mostly populated by
background events. B and C contain events which pass only one of the selection criteria
while D contains events passing neither. The region subsequently referred to as A is the
remaining portion of the plane where signal events are predominantly expected to reside.
All events contained in A pass the selection criteria imposed on both quantities. Assuming
independence of the two quantities defining this 2D ABCD plane, the number of background
events in the SR A can be predicted by using the B, C', D CRs via the relationship

NA, pred. = (NBNC)/NDa (51)

where N; (with ¢ = B,C, D) is the number of events in CR i, and N4, pred. is the number
of predicted background events in the SR A.

In practice, it is not always straightforward to identify two statistically independent
quantities that also provide sufficient signal sensitivity. If the final states of signal and
background events are naturally similar to one another (as is the case for the signal models
considered in this analysis), then simple object- or event-level quantities may not be sufficient
to perform the ABCD method and be sensitive to signal. Rather than relying on physical
quantities for defining the ABCD plane, one can generate two synthetic quantities satisfying
the ABCD criterion above using the so-called Double Disco NN [18], which includes a
statistical measure of nonlinear dependence known as distance correlation (DisCo) [69] in the
loss function to impose independence of its two simultaneously trained binary classifiers. The
ABCDisCoTEC method used in this paper augments the Double DisCo NN with additional
features including a novel loss term that directly minimizes the nonclosure of the ABCD
method using a metric proportional to (NANp — NgN¢)?, where N4 is the number of
events in the SR A. A more detailed description of the ABCDisCoTEC NN model can
be found in ref. [17].



6 Background estimation

6.1 Implementing the ABCDisCoTEC method for the tt background

For this search, the ABCDisCoTEC NN model is specifically trained to discriminate between
the main tt + jets background and RPV or stealth SYY signal models. A separate training
of the model is performed for each of the three lepton channels and each of the signal
models, resulting in a total of six independent NN trainings. For each training, a mixture
of simulated signal events with m; ranging from 300 to 1400 GeV in 50 GeV increments is
used. To make the trained NNs more robust to potential differences between simulation and
data, the training samples include not only events from the nominal simulation, but also
events simulated with systematic variations in the physics modeling and event reconstruction.
Simulated tt + jets events include variations in the matching scale between the matrix element
and parton shower (ME-PS) [70], the UE tune [62], and the modeling of color reconnection
in the parton shower in PYTHIA [63], all of which have an impact on Njes. Variations in jet
energy resolution (JER) and scale (JES) are included for both simulated tt + jets and signal
events. Both up- and down-type variations (i.e. =1 standard deviation for each systematic
uncertainty) are included in the training set. Finally, to test the NN model’s performance
and generalization, 80% of the available simulated events are used for training, while the
remaining 20% are reserved for validation.

All NN input variables are computed in an approximate center-of-mass frame defined
by all jets in the event with pr > 30GeV and |n| < 5. Properties for the first six (2¢
channel), seven (1¢ channel), or eight (0¢ channel) jets, including their four-vectors and
flavor tagging information, are used. Likewise, for the 1¢ and 2¢ channels, the four-vector(s)
of the lepton(s) are used as inputs. In addition to these low-level quantities, higher-level
quantities are input to the NN, including Fox-Wolfram moments [71], the eigenvalues of the jet
energy-momentum tensor [72], and the two four-vectors of reconstructed event “hemispheres,”
which are constructed through the object clustering method described in refs. [73, 74]. For
background (signal), each clustered hemisphere typically contains the decay products of one
of the two top quarks (squarks) in the event.

As mentioned previously, Njets is the main feature distinguishing signal from background,
and sensitivity to signal is maximized at high Njes. To ensure that the training of the NN
model is not dominated by the large number of low- Njets events in the simulation, all Njets
categories are equally sampled during the NN training.

Figure 2 shows the distributions of Snn,1 and Sy 2, integrated over all Njets categories,
for the training for the 1¢ channel and the RPV signal model for both data and simulation.
Note that as the tt + jets estimate ultimately used in the analysis comes from the fit to data,
the level of agreement between data and pre-fit simulation in the upper figures does not
impact the background prediction. The 2D probability density functions for tt 4 jets and
signal simulations are smoothed with Gaussian kernel density estimation.

6.2 The ABCD region definition and correction factor derivation

The optimal values of Syn,1 and Sxn 2 for dividing the Snn,1-Snn2 plane into A, B, C, D
regions (ABCD bin boundaries) are determined with a grid search over Sxn,1 and Snn2
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Figure 2. For the RPV signal model and all Njqs categories of the 14 channel, distributions of Sy 1
(upper left) and Snn,2 (upper right) for data (black solid line), pre-fit simulated SM backgrounds
(stacked filled histograms), and two RPV signal models with m; = 400 and 800 GeV (dashed lines) are
shown. The lower panel shows the two-dimensional probability density function distribution of Sy 1
and Sxn,2 for simulated tt + jets events (solid gray) and the RPV signal model with m; = 800 GeV
(dashed red). The ABCD bin boundaries for this signal model in the 1¢ channel are shown with
dashed vertical and horizontal lines.

considering four figures of merit (FOMs): the expected signal significance and the upper limit
on the signal cross section for signal models with m; of 400 and 800 GeV. For each point in
the scans, the complete simultaneous fit with full treatment of systematic uncertainties is
performed in simulation. For each lepton channel and signal model, we use two bin boundary
choices optimized separately for low and high m; in order to improve the performance across
the full considered m; range; the low-mass boundary is used for RPV (stealth SY\?) signals

— 10 —



Signal model Lepton channel Low-mass boundaries High-mass boundaries

RPV 0/ (0.52, 0.54) (0.74, 0.80)
RPV 14 (0.84, 0.42) (0.80, 0.72)
RPV 20 (0.52, 0.58) (0.50, 0.50)
SYY 0/ (0.76, 0.70) (0.54, 0.56)
SYY 10 (0.44, 0.42) (0.68, 0.82)
SYY 20 (0.40, 0.42) (0.48, 0.48)

Table 2. Values of (Sxn,1, Snn,2) defining the ABCD bin boundaries for the low- and high-mass
optimizations for each lepton channel and signal model.

with masses less than 625 (675) GeV. The FOM used for determining the optimal low-
(high-)mass boundaries is the signal significance (cross section limit) for the model with m; of
400 (800) GeV. The significance is chosen as the FOM for low m; to target the region in which
the previous analysis observed an excess for the RPV model with m; = 400 GeV described in
section 1. Finally, for each lepton channel and signal model, the same bin boundary is used
for all Njets categories. A summary of the optimal bin boundaries is shown in table 2.

To account for residual correlation between Snyn,1 and Snn,2, & correction factor x is
obtained from tt + jets simulation and is applied to the tt + jets prediction in the maximum
likelihood fits. A separate x factor is calculated from the ratio of observed and predicted A
region events for each Njets category, signal model, lepton channel, and low- or high-mass range:

_ Namc _ Nawmc Np wmc
- - b}
Na pred.  Np,Mmc No,Mme

(6.1)

where Ny pred. is obtained from eq. (5.1). For a perfect ABCDisCoTEC training, each x
would be equal to one. Values for all sixty x factors range from 0.875 to 1.887 with statistical
uncertainties ranging from 0.008 to 0.12.

6.3 Maximum likelihood fit

A set of simultaneous binned maximum-likelihood fits (over the range of mj;) is performed for
each signal model and lepton channel for a total of six sets of fits. In addition, a combined fit
over all three lepton channels is performed for each signal model. Each fit estimates the signal
and background yields in twenty analysis regions comprising the four A, B, C, D regions
in each of five Njes categories. The number of jets in the Njes categories for each lepton
channel range from 8 to > 12 jets for the 04 channel, 7 to > 11 jets for the 1¢ channel, and 6
to > 10 jets for the 2¢ channel. In each fit, the tt + jets background yields for the twenty
analysis regions are included as floating parameters b{ with j denoting Njes category and i
denoting ABCD region. The four bj yields in each Nijeis category are subject to the ABCD
constraint from eq. (5.1) including the correction factor x/ from eq. (6.1) as

b, = K (bl /b, (6.2)

Each fit includes a single free parameter determining the overall signal normalization (referred
to as the signal strength) with the distribution of signal events across the twenty analysis
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regions fixed according to simulation. In addition to the bg parameters and the signal strength,
each fit includes constrained nuisance parameters which are allowed to vary, accounting for
a range of systematic uncertainties.

For each fit, the QCD multijet background in each of the twenty analysis regions is
fixed according to an estimate from the corresponding signal-depleted QCD multijet data
CR and using the corresponding ABCD bin boundaries for each channel, signal, and mass
optimization. A transfer factor relating the number of simulated QCD multijet events in the
SRs and CRs is used to scale the QCD multijet component of data in the CR for use as the
analysis region prediction. This transfer factor ranges from 0.0002 to 0.4 over all analysis
regions and fits. The remaining minor backgrounds are fixed according to the simulation.

7 Systematic uncertainties

The key assumption governing the tt + jets background estimation is that the ABCD
relationship holds. By definition, the correction factor x defined in eq. (6.1) ensures that this
is the case in simulation. We evaluate the residual nonclosure of the ABCD relationship in
data (after application of the k correction) and determine a related systematic uncertainty
with a two-fold process performed separately for each lepton channel (0¢, 14, 2¢), signal model
(RPV or stealth SYY), and ABCD boundary choice (low- or high-mass).

First, we use three signal-depleted data validation regions (VRs) in which the ABCD
relationship should hold to evaluate a residual nonclosure metric ¢ defined as

o1 g | NsNe

. 1
Na NaNp (7.1)

As illustrated in figure 3, the region VRI (VRII) is defined as approximately the combination
of the nominal BD (CD) region, and thus spans the full Sxn2 (Snn,1) range. The ABCD
subregions of VRI (VRII) are defined by bisecting VRI (VRII) on the Sxn,1 (S 2) axis
while keeping the nominal boundary on Sxn2 (Snn,1) constant. The region VRIII comprises
the D region and is bisected on both Syn axes to create the ABCD subregions. In order
to address potential dependence of ¢’ on the location of the ABCD bin boundaries, the
boundaries of each VR (and its ABCD subregions) are moved in steps towards the nominal
ABCD bin boundaries and ¢'is calculated at each step as described in ref. [17]. The NNV; counts
used in each calculation are taken from the data after subtraction of non-tt background
according to simulation. Only those ABCD subregions with an expected signal fraction less
than 5% are considered in the nonclosure study. The systematic uncertainty associated with
the residual nonclosure in data (data-based nonclosure systematic uncertainty) for a given
search channel, signal model, and ABCD bin boundary is taken as the largest deviation of
¢ from unity from all three VR scans for the lowest Njcs category. Categories at higher
Nijets do not have a sufficient number of steps in the procedure passing the 5% signal fraction
requirement to provide an uncertainty estimate. Therefore, the same uncertainty is used for
all Njets categories. Values of this uncertainty range from 3 to 15%.

Second, to account for potential additional effects on the residual nonclosure in data at
high Njets, we use simulated tt + jets samples in which various aspects of tt + jets modeling
are varied including ISR and FSR, ME-PS matching, UE tune, color reconnection, JES, and
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Figure 3. Illustrations of the three validation regions that are created by partitioning the Sxn,1-Snn,2
plane. VRI (VRII), shown in the upper (middle) row, is a division of the B and D (C and D) regions.
VRIII (lower row) is a division of the D region. Each VR is divided into four subregions (d4, dB,
dC, dD) that are used to perform the validation of the nonclosure of the Syn,1-Snn,2 plane. The
subregion boundaries shown in the figure are the starting points of the stepping procedure explained
in the text.

JER. The same process for calculating x is applied to these varied tt + jets samples and any
difference in k between the nominal and varied samples is taken as a systematic uncertainty
for cases in which the change in k exceeds the statistical uncertainty summed in quadrature
with the residual nonclosure systematic uncertainty described above; the only modeling
variation for which x meets this requirement is that related to FSR. This uncertainty has
a typical size of 10-20% on the tt 4 jets normalization, but can be as large as 96% for the
highest Njets category in the 0f region. The statistical uncertainty in the nominal » factor
is also included as a systematic uncertainty in the tt + jets prediction.
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Figure 4. One minus the simulation-based closure correction & (blue circle), the residual nonclosure
¢'in data (solid purple triangle), and the FSR systematic uncertainty (red circle) are shown for each
Niets category for the 0¢ (upper), 14 (middle), and 2¢ (lower panel) channels. All values correspond to
the low-mass optimization for the RPV signal model. The value of ¢'shown is the maximum value of
the stepping procedure described in the text. Note the data-based nonclosure systematic uncertainty
is defined to be the nonclosure in the lowest Njets bin for each of the channels. Open purple triangles
show the statistical uncertainty in ¢'in data for categories in which all VR and ABCD boundaries
have a signal fraction exceeding 5%. All data-based nonclosure values are calculated after applying
the simulation-based closure correction, such that an observed nonclosure of zero signifies identical
modeling of the Syn,1-SnN,2 correlation in simulation and data.

Figure 4 shows the maximum ¢'in data for each Njes category across the VRs and ABCD
bin boundaries with expected signal fraction less than 5% for the RPV low-mass optimization.
For Njets categories in which no VR and ABCD bin boundaries satisfy this requirement, the
statistical uncertainty in ¢’ for the boundaries listed in table 2 is shown. Also shown are
the deviations from one of the simulation-based closure correction x, the FSR systematic
uncertainty, and the total statistical and systematic uncertainty for the tt + jets prediction.
In all cases, ('is comparable to the total systematic uncertainty. In addition, we observe
that ¢'is small even if k is larger than the typical size of the uncertainties, as seen in the
figure for the 2¢ channel, indicating that the simulation models the data well for any residual
SNN,1-SNN,2 correlations. Across all channels and optimizations, the largest x factor has a
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Source of 0/ 1 20

uncertainty (%) tt Other RPV signal tt Other RPV signal tt Other RPV signal
PDF — <1 (1) <1 — <1 (1) <1 — <1(2) <1
(ur, pr) scales — 1-8(16) 0-1(2) — 0-5(13) 0-1(2) — 0719 0-1(2)
FSR 1-3(3) 1-14 (56) 1-12 (18) 0-1(3) 1-12(26) 1-7(15)  0-6(9) 2-21(100)  1-9 (16)
ISR — 0-10 (17) 1-4 (5) — 0-8(15) 1-4 (5) — 3-11(17) 0-4 (5)
Pileup 02012 01(3 —  01(22) <1 (3) —  0-9(26) 0-1(9)
ABCD nonclosure 3 — — 5 — — 7 — —
K stat. unc. 1-4 (7) — — 1-7(8) — —  5-15(19) — —
QCD transfer factor 1-4 (16) <1 (1) <1

JES — 4-18 (100)  0-10 (27) — 1-18 (100)  1-14 (19) — 4-100 (100)  1-15 (25)
JER 0-8 (23) 0-2 (4) 0-5 (35) 0-1 (4) 0-20 (45) 0-3 (9)
b tagging — 01 (D) 1-2 (3) — 013 <1 — 0-1(7) <1(2)
t tagging — 26-33 (42) 26-31 (34) — — — — — —
Jet trigger — 0-1 (1 <1(1 — — — — — —
Lepton ID — — — — 334 3-3 (3) — 5-6 (6) 55 (6)
Trigger prefiring — 0-2 (7) 0-2 (3) — 0-3 (6) 0-3 (4) — 0-3 (11) 0-2 (4)
Integrated lumi. — 1.6 1.6 — 1.6 1.6 — 1.6 1.6
Theor. cross section — 20 — — 20 — — 20 —

Table 3. Magnitude of systematic uncertainties for the 0¢, 1¢, and 2¢ channels based on the RPV-
trained NN and ABCD bin boundaries optimized for low m;. Reported values are in units of % and
ranges correspond to the 16th and 84th percentile for the value of a systematic uncertainty across
all applicable analysis regions (ABCD regions and Njes categories). The maximum value for a given
systematic uncertainty across these regions is shown in parentheses. Other backgrounds include the
QCD multijet and minor background processes. The RPV signal model used assumes m; = 550 GeV.
The systematic uncertainties based on the RPV-trained model are representative of the values obtained
for the stealth SYY-trained model.

value of 1.887 and is found for the RPV 0¢ channel high-mass optimization, resulting in a
value of only 8% for the data-based nonclosure systematic uncertainty.

For minor background processes and signal, systematic uncertainties are estimated
to account for both physical mismodeling of events and detector effects. These include
uncertainties in JES and JER [75], PDFs, b and t tagging efficiencies and misidentification
rates, lepton identification, trigger efficiencies, pileup, renormalization and factorization
scales (uR, pr), the integrated luminosity [20-22], and in the correction factor for the ECAL
timing shift [25], referred to as trigger prefiring. These uncertainties are applied to each
of the analysis regions to allow for adjustments in the normalization and shape of each of
these processes. All systematic uncertainties originating from the same source are correlated
across all Njets and ABCD bins, search channels, and processes. Minor background processes
normalizations are assigned an additional 20% uncertainty to account for discrepancies
between LO and NLO cross section calculations [76].

Table 3 shows the relative size of each systematic uncertainty in the expected event yield
for the background and signal processes across the three search channels for the RPV SUSY
model and the ABCD boundaries optimized for low m;. The ranges shown for each systematic
uncertainty account for the difference in their value across Njets categories and ABCD regions.
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Figure 5. The Nje distributions from the background-only fits to data. Fits are run with the signal
strength fixed to zero and all background process event yields are obtained from their fit predictions.
The signal distribution overlaid corresponds to the RPV model with m; = 400 GeV. The graphs in
the upper, middle, and lower rows correspond to the 0¢, 1/, and 2¢ channels, respectively. The four
panels in each row show the Njeys distributions for the A, B, C, and D regions (left to right). The
gray error band shows the combined statistical and systematic uncertainty from the background-only
fit distributions.

8 Results and interpretation

The fit results for the full Run 2 data with the signal strength fixed to zero (background-only
fit) are shown in figure 5 for the RPV signal model with ABCD boundaries optimized for
low mz. The results for the stealth SYY model and the high-mass optimization are shown
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in appendix A. Ratios of numbers of observed data and predicted events as a function of
Nijets are shown in the lower panel with error bars representing the systematic and statistical
uncertainties. Overall, good agreement is observed between the data and the prediction;
no excess of events is observed.

The data are used to place 95% confidence level (CL) upper limits on the signal cross
section o= for both the RPV and stealth SYY SUSY models according to the CLs crite-
rion [77, 78] with an LHC-style likelihood ratio [79] as the test statistic using the asymptotic
approximation [80]. These results are determined using the CMS statistical analysis tool CoM-
BINE [81] and assume 100% branching fraction to the considered t squark decay. The low-mass
ABCD boundaries are used for the RPV (stealth SYY) signal models with m; < 625 (675) GeV,
with the high-mass boundaries used for higher m;. Figures 6 and 7 show the expected and
observed upper limit on o for the RPV and stealth SYY models with m; ranging from
300 to 1250 GeV for each lepton channel separately and for all three channels combined,
respectively. The theoretical cross section is also shown along with its uncertainty. Based on
the results from the combination of all channels, t squark masses up to 700 GeV are excluded
for the RPV model and up to 930 GeV for the stealth SYY model.

9 Summary

A search for the pair production of top squarks with decays to top quarks and six additional
gluons or light-flavor quarks via R-parity violating (RPV) or stealth SYY supersymmetric
decays is presented. The search is performed using proton-proton collision events at /s =
13 TeV, corresponding to an integrated luminosity of 138 fb~1, collected by the CMS detector
in 2016-2018. Events are selected in three search channels, defined as having at least six
jets and zero, one, or two electrons or muons. No requirement is placed on the presence
of missing transverse momentum.

This analysis is an extension of a previous search for these signatures [16], which observed
a deviation with a local significance of 2.8 standard deviations for a top squark mass of
400 GeV for the RPV model. The main improvements of this search are the addition of
the zero- and two-lepton channels as well as the inclusion of a novel, neural-network-based
background estimation method referred to as ABCDisCoTEC [17]. The key feature of
this new method is the creation of two uncorrelated neural network variables that can be
used with an ABCD-style background estimation method. The backgrounds are estimated
from a simultaneous binned likelihood fit to all search channels in several categories of
jet multiplicity, with the contribution from the main tt + jets background constrained via
the ABCD relationship that encodes the independence between the two neural network
variables. This new background estimation method, compared to that of ref. [16], reduces
the dependence of the analysis on uncertainties related to the modeling of the jet multiplicity
spectrum. With this alternate background estimation technique, we achieve an improvement
in signal sensitivity at low top squark mass. For example, the expected upper limit on the
production cross section improves by a factor of 1.53 for a top squark mass of 400 GeV for
the RPV model. Overall, good agreement between the data and the background prediction is
observed, and the deviation observed previously is not confirmed.
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Figure 6. The 95% CL upper limit on oz for the RPV (left) and stealth SYY (right) SUSY signal
models as a function of m; for the 0¢ channel (upper), 1¢ channel (middle), and 2¢ channel (lower),
assuming 100% branching fraction to the considered t squark decay. The median expected limit
is shown in the dashed blue line, with the 68 and 95% intervals shown in light-blue and yellow,
respectively. The observed limit is shown in black. The vertical dashed line denotes the transition
from the low- to high-mass optimization ABCD boundaries. Additionally, the theoretical cross section
is shown in red with its uncertainty in light brown.

The results are interpreted using two top squark decay topologies that generate signatures
with low missing transverse momentum: the RPV and stealth SYY models. For the RPV
model with top squark decays to a top quark and neutralino, with the subsequent decay of
the neutralino to three light-flavored quarks, top squark masses up to 700 GeV are excluded
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Figure 7. Observed and expected upper limits at 95% CL on o= for the RPV (upper) and stealth
SYY (lower) SUSY signal models as functions of m; for the combination of all three channels, assuming
100% branching fraction to the considered t squark decay. The median expected limit is shown in
the dashed blue line, with the 68 and 95% intervals shown in light blue and yellow, respectively. The
observed limit is shown in black. The vertical dashed line denotes the transition from the low- to
high-mass optimization ABCD boundaries. Additionally, the theoretical cross section is shown in red
with its uncertainty in light brown.

at 95% confidence level. Similarly, top squark masses of up to 930 GeV are excluded in the
context of the stealth SYY model where top squarks decay to a top quark, gluons, and a
soft gravitino via a hidden sector.
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A Additional figures

The background-only fit distributions shown in the main body of this work show the results
of the analysis for the RPV signal model using the low-mass optimization. Figures 8, 9,
and 10 present the background-only fit results for the stealth SYY analysis using the low-
mass optimization as well as the background-only fits for both signal topologies using the
high-mass optimization.
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Figure 8. The Nje distributions from the background-only fits to data. Fits are run with the signal
strength fixed to zero and all background process event yields are obtained from their fit predictions.
The signal distribution overlaid corresponds to the stealth SYY model with mg = 400 GeV. The graphs
in the upper, middle, and lower rows correspond to the 0/, 1¢, and 2¢ channels, respectively. The four
panels in each row show the Njeis distributions for the A, B, C, and D regions (left to right). The
gray error band shows the combined statistical and systematic uncertainty from the background-only
fit distributions.
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Figure 9. The Nje distributions from the background-only fits to data. Fits are run with the signal
strength fixed to zero and all background process event yields are obtained from their fit predictions.
The signal distribution overlaid corresponds to the RPV model with m; = 800 GeV. The graphs in
the upper, middle, and lower rows correspond to the 0¢, 1/, and 2¢ channels, respectively. The four
panels in each row show the Njeis distributions for the A, B, C, and D regions (left to right). The
gray error band shows the combined statistical and systematic uncertainty from the background-only

fit distributions.
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Figure 10. The Njes distributions from the background-only fits to data. Fits are run with the signal
strength fixed to zero and all background process event yields are obtained from their fit predictions.
The signal distribution overlaid corresponds to the stealth SYY model with mg = 800 GeV. The graphs
in the upper, middle, and lower rows correspond to the 0/, 1¢, and 2¢ channels, respectively. The four
panels in each row show the Njeys distributions for the A, B, C', and D regions (left to right). The
gray error band shows the combined statistical and systematic uncertainty from the background-only
fit distributions.
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