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Abstract

A data sample of events from proton-proton collisions with two isolated same-sign
leptons or at least three leptons, and at least two jets, is studied in a search for signa-
tures of new physics phenomena by the CMS Collaboration at the LHC. The data cor-
respond to an integrated luminosity of 137 fb~, at a center-of-mass energy of 13 TeV.
The properties of the events are consistent with expectations from standard model
processes, and no excess yield is observed. Exclusion limits at 95% confidence level
are set on cross sections for the pair production of gluinos or squarks for various
decay scenarios in the context of supersymmetry models conserving or violating R-
parity. The observed lower mass limits are as high as 2.1 TeV for gluinos, and 0.9 TeV
for top and bottom squarks.
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1 Introduction

In the standard model (SM), the production in proton-proton (pp) collisions of multiple jets
together with a same-sign (SS) dilepton pair, or three or more leptons, is only possible through
very rare processes. These final states therefore provide an interesting starting point to search
for physics beyond the Standard Model (BSM). In fact, many models of new physics trying to
address the shortcomings of the SM can lead to such a signature in significant amount. Popular
examples include the production of supersymmetric (SUSY) particles [1, 2], SS top quarks [3,
4], scalar gluons (sgluons) [5, 6], heavy scalar bosons of extended Higgs sectors [7, 8], and
Majorana neutrinos [9], and vector-like quarks [10]. Both the ATLAS [11] and CMS [12, 13]
Collaborations have recently carried out searches in these channels, using LHC data collected
up to 2016.

In supersymmetric models [14-23], the decay chain of pair produced gluinos or squarks can
contain multiple W or Z bosons, possibly including one or several pairs of SS W bosons. Such
a decay chain is realized, for example, when a gluino decays into a top-antitop pair and a
neutralino, or into a pair of quarks and a chargino that subsequently decays into a W boson and
a neutralino. In R-parity conserving (RPC) scenarios, the lightest supersymmetric particle is
neutral and stable and will therefore escape detection, leading to an imbalance of the measured
transverse momentum, the magnitude of which can strongly depend on the model details, in
particular on the mass spectrum of the various particles involved. R-parity violating (RPV)
scenarios [24-26] additionally allow full decays of the SUSY particles into SM particles leading
to signature with little or no missing transverse momentum (prT“iss). For many SUSY models,
the SS and multilepton signatures provide complementarity with searches in the zero or one
lepton final states, and they are particularly relevant to probe compressed mass spectra and
other scenarios involving low-momentum leptons or low piss,

In this note we extend the searches described in Ref. [12, 13], using a dataset of proton-proton
collisions at /s = 13 TeV recorded by the CMS detector at the LHC in 2016, 2017 and 2018
and corresponding to 137 fb~!. Events with two SS or three or more light leptons (electrons
and muons) and at least two hadronic jets are first selected and various signal regions (SRs) are
then constructed based on variables such as the number of leptons, of jets (possibly identified as
originating from b-quarks) or the piss magnitude. A simultaneous comparison of the observed
and SM expected yields in all signal regions is performed to set constraints on various BSM
models detailed in Section 2. The main changes with respect to the previous analyses include
the addition of low p2ss signal regions, an optimization of the signal regions for the increased
integrated luminosity, and the use of an improved b-jet identification algorithm.

2 Background and signal simulation

Monte Carlo (MC) simulations are used to study the various SM backgrounds as well as to
estimate the event selection efficiency on the signals. Three sets of simulated events for each
process are used in order to match the different data taking conditions in 2016, 2017 and 2018.

For most of the SM backgrounds, the hard scattering process is simulated with the MAD-
GRAPH5_.aMC@NLO 2.2.2 [27-29] or POWHEG V2 [30, 31] next-to-leading order (NLO) gener-
ators. New physics signal samples, as well as same-sign W*W= and other very rare processes,
are generated with MADGRAPH5_aMC@NLO at leading order (LO) precision, with up to two
additional partons in the matrix element calculations. The set of parton distribution functions
(PDF) used was updated from NNPDEF3.0 [32] for the 2016 simulation to 3.1 [33] for 2017 and
2018 simulations.



Parton showering and hadronization, as well as the double-parton scattering production of
WEW=, are described using the PYTHIA 8.2 generator [34] with the CUETP8M1 (2016 simula-
tions) or CP5 (2017 and 2018) tunes [35-37]. The response of the CMS detector is modeled using
the GEANT4 package [38] for background samples while the CMS fast simulation package [39]
is used for signal samples.

To improve on the MADGRAPH modeling of the multiplicity of additional jets from initial-state
radiation (ISR), MADGRAPH tt MC events are reweighted based on the number of ISR jets
(N}SR), so as to make the light flavor jet multiplicity in dilepton tt events agree with the one ob-
served in data. The same reweighting procedure is applied to SUSY MC events corresponding
to 2016 data. These reweighting factors vary between 1.46 and 0.77 for N}SR between 1 and 4.
We take one half of the deviation from unity as the systematic uncertainty in these reweighting
factors. To account for possible mismodeling of the flavor of additional jets, an additional 70%
uncertainty is applied to ttW, ttZ, and ttH events produced in association with a pair of b jets,
reflecting the measured ratio of ttbb /ttjj cross sections reported in Ref. [40].

The new physics signal models probed by this search are shown in Fig. 1 and 2. Production
cross sections for these SUSY models are calculated at approximate-NNLO+NNLL order accu-
racy [41-47]. In each of the simplified SUSY models [48, 49] of Fig. 1, only two or three new
particles have masses sufficiently low to be produced on-shell, the branching fraction for the
decays shown are assumed to be 100%, and the decays are assumed to be prompt. Gluino pair
production models giving rise to signatures with up to four b quarks and up to four W bosons
are shown in Figs. la—c. In these models, the gluino decays to the lightest squark (g — qq),
which in turn decays to same-flavor (§ — qxV) or different-flavor (§ — q’X7) quarks. The
chargino decays to a W boson and a neutralino (Y; — W*x?), where the ¥ escapes detection
and is taken to be the lightest SUSY particle (LSP).

The first scenario, considered in Fig. 1a, includes an off-shell third-generation squark (t) leading
to the three-body decay of the gluino, § — tt! (T1tttt) resulting in events with four W bosons
and four b quarks. The model shown in Fig. 1b (T5tttt) includes an on-shell top squark with
mass splitting between the t and the X9 equal to the top quark mass (m; — mX? = my), with a

t — tx! decay. In Fig. 1c, the decay process includes a virtual light flavor squark, leading to
three-body decays of § — qq'X7 or & — qq'&3, with a resulting signature of two W bosons,
two Z bosons, or one of each, and four light flavor jets. This model, TSqqqqWZ, is studied

with two different assumptions for the chargino mass: Mot = 0.5(mg + m)?O)’ and Mot =
1 1
meo + 20GeV, producing on- and off-shell bosons, respectively. The model is also considered
1

with the assumption of decays to two W bosons exclusively (T5qqqqWW).

Fig. 1d shows a model of bottom squark production with a subsequent decay of b — t)fli,
yielding two b quarks and four W bosons. This model, T6ttWW, is considered as a function
of the b and )’Ef masses. The X(l) mass is fixed to be 50 GeV, causing two of the W bosons to be
produced off-shell when the ¥ mass is close to that of the x7". Finally, Fig. le displays a model
similar to T6ttWW, but with top squark pair production and a subsequent t, — t;H/Z decay,
producing final states with two H bosons, two Z bosons, or one of each. In this T6ttHZ model,
the X! mass is taken such that m(t,) — m(x9) = 175GeV.

All the above models assume conservation of R-parity. We also consider two additional cases
where R-parity is not conserved. In TlqqqqL (Fig 2, left), the gluino decays to the lightest
squark (g — qq) which in turn decays to a quark (§ — qx}), but the x9 is off-shell and decays
(violating R-parity) into two quarks and a charged lepton, giving rise to a prompt 5-body decay
of the gluino. In T1tbs (Fig 2, right) each gluino decays into three different SM quarks (a top, a
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bottom, and a strange quark).
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Figure 1: Diagrams illustrating the simplified RPC SUSY models considered in this analysis.

Figure 2: Diagrams illustrating the two RPV SUSY models considered in this analysis.

3 The CMS detector and event reconstruction

The central feature of the CMS detector 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 scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity (1) coverage provided by the barrel and endcap detec-
tors. Muons are detected in gas-ionization chambers embedded in the steel flux-return yoke
outside the solenoid. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [50].

Events of interest are selected using a two-tiered trigger system [51]. The first level (L1), com-
posed of custom hardware processors, uses information from the calorimeters and muon de-
tectors to select events at a rate of around 100 kHz within a time interval of less than 4 us. 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 1 kHz before data storage.



The particle-flow algorithm [52] aims to reconstruct and identify each individual particle in an
event, with an optimized combination of information from the various elements of the CMS de-
tector. The energy of photons is directly obtained from the ECAL measurement. The energy of
electrons is determined from a combination of the electron momentum at the primary interac-
tion vertex as determined by the tracker, the energy of the corresponding ECAL cluster, and the
energy sum of all bremsstrahlung photons spatially compatible with the electron track [53]. The
momentum of muons is obtained from the curvature of the corresponding track, combining in-
formation from the silicon tracker and the muon system [54]. The energy of charged hadrons
is determined from a combination of their momentum measured in the tracker and the match-
ing ECAL and HCAL energy deposits, corrected for the response function of the calorimeters to
hadronic showers. The energy of neutral hadrons is obtained from the corresponding corrected
ECAL and HCAL energies.

Hadronic jets are clustered from neutral PF candidates and charged PF candidates associated
with the primary vertex, using the anti-kt algorithm [55, 56] with a distance parameter of 0.4.
The jet momentum is determined as the vectorial sum of all PF candidate momenta in the
jet. An offset correction is applied to jet energies to take into account the contribution from
pileup. Jet energy corrections are derived from simulation, and are improved with in situ
measurements of the energy balance in dijet, multijet, v +jet and leptonically decaying Z+jet
events [57, 58]. Additional selection criteria are applied to each jet to remove jets potentially
dominated by instrumental effects or reconstruction failures. Jets originating from b quarks are
identified as b-tagged jets using a deep neural network algorithm [59], with a working point
chosen such that the efficiency to identify a b jet is 55-70% for a jet transverse momentum (pr)
between 20 and 400 GeV. The misidentification rate for a light-flavor jet is 1-2% in the same jet
pr range. The vector ps® is defined as the projection on the plane perpendicular to the beams
of the negative vector sum of the momenta of all reconstructed PF candidates in an event [60].
Its magnitude, called missing transverse momentum, is referred to as p*s. The scalar py sum
of all jets in an event is referred to as Hry.

4 Event selection and search strategy

The search strategy is similar to the one adopted in Ref. [12, 13]. A generic event selection is
applied requiring the presence of at least two hadronic jets and at least two leptons, including
a SS pair. Each selected event is then assigned to a SR, based on its content. Such a strategy
ensures sensitivity to a broad range of possible signatures of new physics, even beyond the
signal benchmarks considered. The normalization of the various backgrounds is constrained
by taking advantage of the change of the background composition between SRs, and relying
on differences between signal and background kinematics.

The basic kinematic requirements applied to leptons and jets are presented in Table 1. The
analysis requires a minimum of two jets with pr >40 GeV and two light leptons with p; >
10/15 GeV depending on their flavor (muon/electron). Specific isolation and identification
conditions, similar to those described in Ref. [61], are applied on leptons. They aim in particular
at recovering leptons overlapping with a jet due to the high hadronic activity present in most
of the considered signal models.

In order to reject low mass dilepton pairs arising from the decay of c- and b-hadrons or from
the Drell-Yan process, a loose lepton selection is used to identify additional leptons, and events
where a loose lepton forms an opposite-sign (OS) same flavor pair with an invariant mass (1)
less than 12 GeV are rejected. Furthermore events containing a dilepton pair with m,, < 8 GeV
regardless of charge or flavor are rejected in order to emulate a similar condition applied at
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Table 1: pr and 5 requirements for leptons and jets. Note that the py thresholds to count jets
and b-tagged jets are different.

Object | pr(GeV) 1l

Electrons > 15 <25
Muons > 10 <24
Jets > 40 <24
b-tagged jets > 25 <24

trigger level. When several SS pairs are found, muons take precedence over electrons, and
amongst same flavor pairs, the one with the highest lepton pr sum is selected. Events are then
labelled according to the pr of the leptons forming the SS pair: high-high (HH) if both have
pr > 25GeV, low-low (LL) if both have pr < 25GeV and high-low (HL) otherwise.

Two sets of trigger algorithms are used to select the events: pure dilepton triggers which require
the presence of two isolated leptons with py thresholds on the first (second) lepton in the 17-
23 GeV (8-12 GeV) range, and non isolated dilepton triggers with a pr threshold at 8 GeV
on both leptons and with an additional condition on the presence of hadronic activity: Hy >
300 — 350 GeV. The former is used to select HH and HL pairs while LL pairs are selected using
the latter.

Six exclusive categories are then built:

e SSHH: exactly 2 leptons, both with pp > 25GeV, and p=iss > 50 GeV.

e SSHL: exactly 2 leptons, one with pp > 25GeV, one with pr < 25GeV and piss >
50 GeV.

e SSLL: exactly 2 leptons, both with pp < 25GeV and piss > 50 GeV.
e LM (low piiss): exactly 2 leptons, both with pp > 25GeV, and pis < 50 GeV.
e ML (multilepton): > 3 leptons, at least one with pr > 25GeV, pTiss > 50 GeV.

Various SRs are constructed, based on the following variables: the jet multiplicity N, the b-
tagged jet multiplicity Ny, Hy, pis5. For ML regions, the presence of a Z candidate formed by a
pair of OS same flavor leptons with 76 < m,, < 106 GeV is used to separate on-Z and and off-Z
SRs. An additional variable introduced in Ref. [61], mIT“i“, is also used in all categories except
LM. This variable is characterized by a kinematic cutoff for events where pss only arises from
the leptonic decay of a single W boson and is therefore very effective at discriminating signal
and background signatures. It is defined as the minimum transverse mass calculated between
each of the leptons forming the SS pair and EIT“iSS, except for the on-Z ML regions where the
transverse mass is only computed using the leptons not forming the Z candidate. Finally, in
order take advantage of the charge asymmetry in most of the background processes such as
WZ, ttW or SS WW, some SRs are also divided according to the charge sum of the lepton pair.
The SRs corresponding to each category, SSHH, SSHL, SSLL, LM and ML, are summarized in
Tables 2, 3, 4, 5, and 6, respectively. The binning ranges are chosen in order to maximize the
sensitivity to a few SUSY benchmark points and such that the expected yields in each SRs are
never much lower than one event.

The lepton reconstruction and identification efficiency is in the range of 45-70% (70-90%) for
electrons (muons) with pr > 25GeV, increasing as a function of pr and converging to the
maximum value for pr > 60GeV. In the low-momentum regime, 15 < py < 25GeV for
electrons and 10 < pt < 25GeV for muons, the efficiencies are 40% for electrons and 55% for
muons. The lepton trigger efficiency for electrons is in the range of 90-98%, converging to the



ma_xirnum value for pr > 30GeV, and around 92% for muons. The e_sziciencies of the Hy and
pT'®® requirements are mostly determined by the jet energy and p7'** resolutions, which are

discussed in Refs. [57, 62, 63].

Table 2: SR definitions for the SSHH category. Charge split cells are indicated with (++) and
(). In order to avoid overlaps, an upper bound p™i® < 300GeV is used for regions with
Ht > 300 GeV. There are 62 regions in total.

[Ny [ w7 (GeV) [ P GeV) | Npo

Hy <300GeV | Hy € [300,1125] GeV [ Hy € [1125,1300] GeV | Hy € [1300,1600] GeV | Hy > 1600 GeV |

2-4 SR1 SR2
o 50-200 |- oRA
200 — 300 2-4 SR5 (++) / SR6 (--)
0 5+ SR7
s0_200 |24 SR3 SR8 (++) / SR9 () SR54 SR55 SR56
< 120 5+ Njets <5 Niets <5 Niets <5
2-4 SR10
200 — 300
5+
2-4 SR11 SR12
<120 50-200 [—5— SR15 (++) / SR16 (—-)
200 — 300 |24 SR17 (++) / SR18 (--)
1 5+ SR19
2-4 | SR13 (++) / SR14 (--) | SR20 (++) / SR21 (-) SR57 SR58 SR59
50-200 Ny =50r6 Ny =50r6 Ny =5 0r 6
> 120 J ] j
2-4 SR22
200 — 300
5+
2-4 SR23 SR24
10 50-200 | 5, SR27 (+4) / SR8 ()
200300 |22 SR29 (++) / SR30 (—)
) 5+ SR31
50200 |24 | SR25(++) / SR26 () | SR32 (++) / SR33 (-) SR60 SR61 SR62
< 120 5+ Niets > 6 Nigis > 6 Niets > 6
200300 |22 SR34
5+
<120 f— 25:1 SR35 (++) / SR36 () gggg EZ; ; 2;313 E;
- 200 — 300 2% SR37 (++) / SR38 ()
5+ SR39 (++) / SR40 (--)
2-4 SR42 (++) / SR43 ()
> 120 >%0 5 SR41 SR44 (++) / SRd5 ()
300500 |, , SR46 (++) / SR47 ()
inclusive | inclusive > 500 SRA8 (++) / SR49 ()
300500 | SR50 (++) / SR51 ()
> 500 SR52 (++) / SR53 ()

Table 3: SR definitions for the SSHL category. In order to avoid overlaps, an upper bound

pmiss < 300 GeV is used for regions with Hy > 300 GeV. There are 43 regions in total.
[ Ny [ (GeV) [ P (GeV) | Neww | Hr <300GeV | Hy € [300,1125]GeV | Hy € [1125,1300]GeV | Hy > 1300GeV |

s0_200 | 24 SR1 SR2
0 <120 >+ SR4
200 — 300 | 22 SR3 SR5 (++) / SR6 ()
5+ SR7
2-4 SR8 SR9
1 <120 0720 75y SR12 (++) / SR13 ()
200 300 |24 | SRI0 (++) / SR11 (-) SR14
5+ SR15 (++) / SR16 ()
50200 | =% SR17 SR18 SR40 (++) / SR41 (~) | SR42 (++) / SR43 (--)
2 <120 5+ SR21T (++) / SR22 ()
200 300 |24 | SRI9 (++) / SR20 (--) [ SR23 (++) / SR24 ()
5+ SR25
3+ <120 [ 0TA oe | SRa6 (+4) / SR27 () | D /SR )
inclusive > 120 50 — 300 2+ SR31 SR32
300500 | ,, SR33 (++) / SR34 (-)
inclusive | inclusive > 500 SR35 (++) / SR36 (--)
300500 | . SR37 (++) / SR38 (-)
> 500 SR39
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Table 4: SR definitions for the SSLL category. All SRs in this category require Niets > 2. There
are 8 regions in total.

Ny m=in (GeV) | Hy (GeV) | pTss € [50,200] GeV | pmiss > 200 GeV
0 SR1 SR2
1 SR3 SR4
2 <120 > 400 SR5 SR6
>3 SR7
Inclusive > 120 SR8

Table 5: SR definitions for the LM category. All SRs in this category require Njg > 2, pmiss <
50GeV, Hy > 300 GeV, and HH lepton momenta. The 2 high Hr regions are split only by N,
giving 11 regions in total.

Ny N]-ets Hy € [300,1125] GeV | Hy € [1125,1300] GeV | Hy > 1300 GeV
0 2-4 SR1
5+ SR2 SR8 (Njets < 5) SR10 (N]-ets < 5)
1 2-4 SR3
5+ SR4
5 2-4 SR5 SR9 (I\]jets > 5) SR11 (N]-ets > 5)
5+ SR6
>3 | 2+ SR7

Table 6: SR definitions for the ML category. All SRs in these categories require Ny > 2.
Regions marked with T are split by mT" = 120 GeV, with the high m™" region specified by
the second label. On-Z regions events include an OS same flavor lepton pair with 76 < m,, <
106 GeV. There are 44 regions in total.

off-Z on-Z
N, Hr (GeV) | pTiss € [50,150] GeV | pTiss € [150,300] GeV | pTiss > 300GeV || pTss € [50,150] GeV | pTss € [150,300] GeV | pIss > 300 GeV
0 <400 SR1/SR27 SR3/SR4F SR22/SR237 SR24/SR257
400-600 SR5 SR6 SR26/SR27* SR28/SR29*
1 <400 SR7 SR8 SR30 SR31
400-600 SR9 SR10 + SR32 SR33 +
5 <400 SR11 SR12 SR20/8R21 SR34 SR35 SR43/SR44
400-600 SR13 SR14 SR36 SR37
>3 <600 SR15 SR38
Inclusive | > 600 SR16/SR17" | SR18/SR197 SR39/SR407 | SR41/SR42"




5 Backgrounds

Several standard model processes can lead to the signatures studied in this analysis. There are
three background categories, depending on the lepton content of the event:

e Events with two or more prompt leptons, including a SS pair.
e Events with at least one nonprompt or fake lepton.

e Events with a pair of opposite sign leptons, one of them mistakenly reconstructed
with the wrong charge.

The first category includes a variety of low cross section processes where multiple electroweak
bosons are produced (possibly in the decay of a top quark) and decay leptonically, leading to
a SS lepton pair. This category usually dominates the background yields in SRs with large
pRiss or Hy and in most of the ML SRs with a Z candidate. The dominant processes are the
production of a WZ or a same sign W pair, or of a tt pair in association with a W, Z or Higgs
boson. Each of them is treated separately in this analysis. More rare processes (including
77, triple boson production, tWZ, tZq, tttt and double parton scattering) are also considered.
Their expected yields are summed up into a single contribution called “Rares”. Finally various
processes including a real photon such as W+, Zv, tt7y, and tv, are also considered. They are
also grouped together and referred to as “X+”. All these contributions are estimated using
simulated samples, with correction factors applied to take into account the small differences
between data and the simulation as also discussed in Section 6.

The second category consists of events when one of the selected leptons, generically denoted
“nonprompt lepton”, is either a misidentified hadron or a decay product of a heavy- or light-
flavor hadron. This category is typically the dominant one in signal regions with moderate
or low pTiss or low mMiM (except in the on-Z ML SRs). This background is estimated directly
from the data, using the “tight-to-loose” method, as already used in the previous version of this
analysis [12, 13]. The method is based on measuring the probability for a nonprompt lepton
passing loose selection criteria to also pass the tight selection used in the analysis (tight-to-
loose ratio). The number of events with a given number N of tight leptons, including at least
one nonprompt lepton, can then be inferred applying the measured probability to events with
N loose leptons, but with at least one of the leptons failing the tight selection. The measurement
is performed using a sample enriched in dijet events and containing exactly one loose lepton,
low pTiss and low m™i. The prompt lepton contamination in this sample is estimated using
the mT" distribution in data, and it is subtracted before calculating the tight-to-loose ratio. The
tight-to-loose ratio is computed separately for electrons and muons, and it is parametrized as a
function of the lepton 17 and p7". The p{°™ variable is defined as the sum of the lepton pt and
the transverse momentum of other PF candidates found in the isolation cone that exceeds the
isolation threshold value applied to tight leptons. This variable is found to be more correlated
to the parent parton pr than the lepton pr itself and therefore improves the fake rate stability
across kinematic variables such as Hy. The performance of the tight-to-loose method was tested
in simulated tf and W+jets simulated samples by comparing the number of SS lepton pairs
predicted by the method to the actual observed number of such pairs. The two estimates were
compared as a function of kinematic properties and found to agree within 30%.

The final category is a subdominant background in all SRs and corresponds to events where
the charge of a prompt lepton is mismeasured. Charge misidentification is a rare situation that
can occur when an electron undergoes a strong bremsstrahlung in the tracker. Similarly to the
tight-to-loose method, the number of SS lepton pairs where one of the lepton has its charge
flipped can be determined using the number of opposite-sign pairs and the knowledge of the
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charge misidentification rate. We use simulations to parametrize this rate as a function of pr
and 7 for electrons and find values varying between 10> (central electrons with pp ~ 20 GeV )
and 0.5% (forward electrons with pr ~ 200 GeV). The same sign dielectron mass distribution in
the Z peak region in data and simulations is used to derive a correction factor. Good agreement
is found in 2016 while the simulations corresponding to 2017 and 2018 data are scaled by 1.4.
No significant pr dependency is observed in this scale factor. Muon charge mismeasurement is
found to be at least one order of magnitude smaller than electrons in simulation and is therefore
neglected.

6 Systematic uncertainties

The predicted yields of signal and background processes are affected by several sources of un-
certainty, summarized in Table 7. Depending on their source, they are treated as fully correlated
or uncorrelated between the three years of data taking. Signals and backgrounds estimated
from simulation are affected by experimental uncertainties on the efficiency of the trigger and
lepton reconstruction and identification [53, 54], the efficiency of b tagging [59], the jet energy
scale [57], the integrated luminosity [64], and the value of the inelastic cross section, which
affects the pileup rate [65]. Simulation is also affected by theoretical uncertainties, which are
evaluated by varying the factorization and renormalization scales by a factor of two, and by
using replicas of the NNPDF3.0 and 3.1 sets [32, 33, 66]. These uncertainties can affect both
the overall yield (normalization) and the relative population (shape) across SRs. Background
normalization uncertainties are increased to 30%, either to account for the additional hadronic
activity required (for WZ and W*W®) or to take into consideration recent measurements (for
ttW, ttZ) [67, 68]. The Rare and X+ backgrounds, which are less well known, are assigned a
50% uncertainty.

For the backgrounds estimated using data, nonprompt lepton and charge misidentification,
the normalization and shape uncertainties have dedicated estimates. Statistical uncertainties
on data yields in control regions affect both methods, and are taken into account. In addition,
the nonprompt lepton background is assigned a 30% uncertainty derived from closure tests as
a function of event kinematic properties in simulation, and the uncertainty on prompt lepton
contamination is propagated resulting in a 1-30% additional uncertainty on the background
yields. The charge misidentification background is assigned a 20% uncertainty based on the
agreement as a function of event kinematic properties between the estimate and data in Z —
eTe” events with one electron or positron having a misidentified charge.

7 Results and interpretation

Figure 3 presents, for the full set of events selected in this analysis, the expected and observed
distributions of the variables used to define the various SRs. Overall data yields exceed expec-
tation by an amount close to the systematic uncertainty. No particular trend is however seen in
the distributions.

The full results of the search in each SR are presented in Figures 4 and 5 and summarized in
Table 8, while yield tables with breakdowns for each background are included in Appendix A.
No significant deviation with respect to the SM background prediction is observed. The largest
excess after performing a background-only fit to the data is found in SR HH54. It corresponds
to 2.6 standard deviation (¢). The only other SR with more than a 20 excesses is LM7 (2.3¢).
For the case of HH54, the neighboring bin HH55, which is adjacent along the Ht dimension,
has a significance of -1.60.
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Table 7: Summary of the sources of uncertainty and their effect on the yields of different pro-
cesses in the SRs. The first two groups list experimental and theoretical uncertainties assigned
to processes estimated using simulation, while the last group lists uncertainties assigned to
processes whose yield is estimated from data. The uncertainties in the first group also apply to
signal samples. Reported values are representative for the most relevant signal regions.

Source | Typical uncertainty (%) | Correlation across years
Integrated luminosity 2.3-2.5 Uncorrelated
Lepton selection 2—-10 Uncorrelated
Trigger efficiency 2-7 Uncorrelated
Pileup 0-6 Uncorrelated
Jet energy scale 1-15 Uncorrelated
b tagging 1-10 Uncorrelated
Simulated sample size 1-20 Uncorrelated
Scale and PDF variations 10 —20 Correlated
Theoretical background cross sections 30— 50 Correlated
Nonprompt leptons 30 Correlated
Charge misidentification 20 Uncorrelated

These results are then interpreted as experimental constraints on the signal models discussed
in Section 2. For each signal model, results from all SRs are used to obtain an exclusion limit
at the 95% confidence level (CL) with an asymptotic formulation of the modified frequentist
CL, criterion [69-72]. Compared to the previous versions of the analysis [12, 13], the results
extend the gluino and squark mass expected exclusion by up to 200 GeV due to the increase in
the integrated luminosity and the optimization of SR definitions. Two additional models are
included to demonstrate the sensitivity of the analysis to RPV scenarios.

Figure 6 shows observed and expected cross section limits for simplified models of gluino
pair production with each gluino decaying off- or on-shell to third-generation squarks. These
models were introduced in Section 2 and denoted as T1tttt and T5tttt. Similarly, Figure 7
and 8 show the corresponding limits for gluino pair production models followed by a decay
through off-shell first- or second-generation squarks and a chargino. Two different assump-
tions are made on the chargino mass, taken to be between that of the gluino and the LSP.
The T5qqqqWW model results in no b quarks and either on-shell or off-shell W bosons. The
T5qqqqWZ model assumes an equiprobable decay of the gluino into X, ¥;, or £3. In addition,
Fig. 9 shows the exclusion limits of the T6ttWW model with bottom squark pair production fol-
lowed by a decay through a chargino, resulting in two b quarks and four W bosons. Figure 10
shows exclusion limits of the T6ttHZ model with second-generation top squark pair produc-
tion decaying into first-generation top squark and a Z or H boson. The three sets of exclusion
limits correspond to B(t, — t,Z) of 0, 50, and 100%. Compared to previous publications, for all
of the RPC models probed, the reach of the previous analysis is extended by 150-200 GeV and
observed (expected) exclusion limits are 1.6 (1.8), 1.1 (1.1) and 0.9 (1.0) TeV for gluino, LSP, and
bottom squark masses, respectively.

Furthermore, Figure 11 shows observed and expected limits of SUSY cross sections as a func-
tion of gluino masses with two RPV models described in Section 2. The T1qqqqL model as-
sumes gluino pair production followed by a five-body flavor-democratic decay to four light
quarks and one leptons via RPV. The T1tbs model assumes also gluino pair production fol-
lowed by a three-body decay to a top, bottom and strange quark. Observed (expected) exclu-
sion limits are set on the gluino mass of 2.1 (2.1) TeV for T1qqqqL and 1.7 (1.7) TeV for T1tbs
respectively.
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Figure 3: Distributions of the main analysis variables after the baseline selection in all signal

categories: Hr, piiss, mmin,

N,

jetss

N,, and the charge of the same sign pair, where the last bin

includes the overflow. The hatched area represents the total uncertainty in the background
prediction. The lower panels show the ratio of the observed event yield and the background
prediction.
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Table 8: Expected background and observed event yields in the search regions used in this

search.
HH regions HL regions LL regions ML regions LM regions
Expected SM Observed Expected SM Observed Expected SM Observed Expected SM Observed Expected SM Observed
SR1 1510310 1609 1300-£310 1504 20-£6 25 220+40 263 240450 314
SR2 590+90 647 310+70 319 49+15 6 25425 1 20+£5 22
SR3 103+22 132 25+6 32 23+6 29 32+6 34 140+31 159
SR4 38+7 51 3248 32 4+4 8 0.9+0.5 1 3247 37
SR5 57+£10 49 29+6 32 7.7£2.1 13 22:+4 28 54+8 66
SR6 3249 23 17+6 11 1.5+0.8 0 9.5+1.8 8 2244 33
SR7 5.5+1.7 7 45425 6 2.5+1.2 0 210+40 265 9.7+2.1 23
SR8 2546 31 1010250 1223 0.07£0.07 0 3646 47 1.5+0.5 3
SR9 21+£5 20 270460 307 21.6+3.2 20 1.6+0.4 1
SR10 9.4+19 11 71£17 5 11.6+1.9 16 29429 1
SR11 930230 1068 6.5+1.6 7 8411 105 1.9+1.4 3
SR12 330+70 370 39+9 42 15.5+2.1 17
SR13 36+7 38 31+8 37 15.742.2 21
SR14 25+5 31 2345 27 5.3+0.8 8
SR15 4447 63 21+1.1 7 10.24+2.1 12
SR16 39+8 38 1.7+09 2 2744 40
SR17 2745 30 210440 256 0.84+0.5 2
SR18 14.8+3.2 15 85+14 104 17.8+2.4 24
SR19 11.5£3.0 12 2.5%1.2 4 1.0£0.4 0
SR20 11.8+2.6 14 3.0£15 3 17.8£3.0 30
SR21 9.6+2.1 16 18.943.5 27 1.26+0.33 2
SR22 10.0+1.6 15 15.9+2.8 18 830180 955
SR23 270+40 345 3.3+0.6 2 108+22 136
SR24 143420 169 4.4+1.6 2 117426 139
SR25 152424 11 4.5+1.7 5 11.1+£2.3 8
SR26 13.8+3.4 18 82422 8 111424 128
SR27 33+£5 43 81422 6 21+5 20
SR28 29+4 38 9.7+2.1 12 42410 45
SR29 11.5+2.5 9 10.8+2.8 7 3.4+09 3
SR30 6.7+1.2 5 1.1+0.4 3 320+50 408
SR31 7.5%1.8 6 22405 5 47+8 50
SR32 5.9+1.0 14 2.6+£0.5 3 51+9 62
SR33 6.5+1.9 7 22+6 23 15.1+£2.6 24
SR34 6.7+1.2 11 72414 8 131424 157
SR35 10.3+1.9 17 23405 4 20-+4 24
SR36 8.6+1.7 11 0.42+0.33 1 27+5 36
SR37 10.6+2.0 6 3.2+15 3 7.8+15 11
SR38 7.3+13 5 1.4+0.6 0 12.9+2.6 18
SR39 9.6+£2.2 8 0.41£0.25 0 82+14 117
SR40 9.2£19 1 3.1£0.7 7 1844 26
SR41 1.3£0.6 2 4+4 0 39+8 29
SR42 0.6+0.4 1 4.7+0.9 8 49409 7
SR43 0.8+0.4 0 1.71+£0.35 6 46+10 44
SR44 0.7£0.4 1 57+12 1
SR45 0.7£0.5 1
SR46 42+7 59
SR47 18+4 23
SR48 13+9 10
SR49 2.0+£0.5 4
SR50 6.3+1.0 13
SR51 3.74+0.7 4
SR52 1.26+0.33 4
SR53 0.4+0.4 2
SR54 10.1£1.5 24
SR55 7.0£1.1 4
SR56 4.3+0.9 5
SR57 5.3+0.8 7
SR58 616 6
SR59 2.2+04 3
SR60 1.8+0.5 5
SR61 1.9+0.4 4
SR62 1.3+0.9 0
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Figure 6: Exclusion regions at 95% CL in the Mo Versus g plane for the T1tttt model

1
(left), with off-shell third-generation squarks, and the T5tttt (right) model, with on-shell third-
generation squarks. For the T5tttt model, m; — M0 = M. The right-hand side color scale indi-

cates the excluded cross section values for a given point in the SUSY particle mass plane. The
solid, black curves represent the observed exclusion limits assuming the NLO+NLL cross sec-
tions [42—-47] (thick line), or their variations of +1 standard deviation (thin lines). The dashed,
red curves show the expected limits with the corresponding +1 and +2 standard deviation
experimental uncertainties. Excluded regions are to the left and below the limit curves.
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Figure 11: Limits on RPV gluino pair production with each gluino decaying into four quarks
and one lepton (T1qqqqL, left) and each gluino decaying into a top, bottom, and strange quark
(T1tbs, right)

8 Summary

A sample of same-sign dilepton or trilepton events produced in association with several jets
in proton-proton collisions at 13 TeV, corresponding to an integrated luminosity of 137 fb™",
has been studied to search for manifestations of physics beyond the standard model. The data
are found to be consistent with the standard model expectations, and no excess event yield is
observed. The results are interpreted as limits at 95% confidence level on cross sections for the
production of new particles in simplified supersymmetric models, considering both RPC and
RPV scenarios. Using calculations for these cross sections as functions of particle masses, the
limits are turned into lower mass limits that are as high as 2.1 TeV for gluinos and 0.9 TeV for
top and bottom squarks, depending on the details of the model.
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A Detailed Results

Tables 9-13, corresponding to Figures 4-5, show background predictions per process within
each signal region.

Table 9: Event yields in HH regions. Yields shown as “-” have a contribution smaller than 0.01,
or do not contribute to a particular region.

[ W ttZ ttH WZ WW X+7 Rares Charge misid.  Nonpromptlep. [ SMexpected | Data
SR1 53+14 142435 14+4 350+90 128430 2604140 100450 125+13 460+220 1510£310 1609
SR2 2947 7.8£2.0 7.8£2.1 122432 160140 90440 38+19 31.6£3.3 10050 590490 647
SR3 8.1+2.1 1.5+0.4 1.6+£0.4 20£5 12.943.1 948 9+4 13.6+1.5 27+17 103422 132
SR4 6.1+1.6 2.3+0.6 3.4+09 4.0£1.1 43£1.0 0.33+0.17 43+£22 1.83£0.19 12+6 38+7 51
SR5 4.0+1.0 0.46+0.12 0.49+0.13 16+4 21+5 616 48426 0.47+0.05 4.3+2.0 57£10 49
SR6 1.7+0.4 0.484+0.13 0.56+0.15 6.8+£1.9 5.1+£1.3 9+7 25+1.3 0.5640.06 54427 3249 23
SR7 0.90+0.24 0.26+0.07 0.37£0.10 0.80£0.23 0.84+0.20 12+1.2 0.40£0.21 0.08+0.01 0.74+0.4 55+1.7 7
SR8 1.7+£0.4 0.27+0.08 0.23+0.06 2.84+0.8 6.8+1.6 545 1.9+£1.0 3.94+0.4 2.6+1.6 25+6 31
SR9 1.00£0.26 0.2740.08 0.200.06 27+08 45x1.1 4.1£35 1.1+0.6 44105 22+1.6 2145 20
SR10 1.4+04 0.27+0.07 0.27+0.08 0.84+0.24 2.74+0.7 0.02+0.02 1.6+£0.9 0.62+0.07 1.7+0.8 9.4+19 11
SR11 13034 3448 35%10 30+8 11.14£2.7 47+22 30+16 8249 5304220 9304230 1068
SR12 79420 21+5 22+6 14+4 l6+4 18+10 16+8 20.0£2.1 120460 330+70 370
SR13 12.84+3.3 2.0+0.5 2.0+0.5 1.4+04 0.7440.22 14+1.1 1.3+0.7 3.6+£0.4 11+6 36+7 38
SR14 6.4+1.7 1.9+0.5 2.04+0.5 0.41£0.18 0.30+0.12 1.1+0.7 1.0£0.5 3.94+0.4 8+5 2545 31
SR15 13.8+3.5 4.0+1.0 6.4+1.7 0.51£0.17 0.68+0.16 0.6+0.4 3.5+1.7 1.06+0.11 13+6 44+7 63
SR16 7.8+2.0 3.9+£1.0 6.2+1.7 0.41+£0.13 0.354:0.08 0.8+0.5 27£14 1.13£0.12 15£7 3948 38
SR17 92424 1.204+0.29 1.4+0.4 1.7£0.5 1.9£0.5 3.3+3.3 1.7£0.8 0.82+0.08 6.3+3.0 2745 30
SR18 4.0£1.0 1.02+0.25 1.2840.35 0.89+0.28 0.5140.13 0.8+0.4 0.9+£0.5 0.864-0.09 4.6+2.8 14.84+3.2 15
SR19 2.74+0.7 0.87+0.21 1.23+0.34 0.24+0.07 0.16+0.04 1.6+1.5 0.840.4 0.18+0.02 3.7+1.8 11.5+3.0 12
SR20 49+1.3 0.76+0.19 0.60+0.16 0.49+0.16 0.6440.15 1.7+1.7 0.7+0.4 1.124+0.12 0.9+0.9 11.84+2.6 14
SR21 2.7+0.7 0.71+0.18 0.59+0.16 0.26+0.13 0.62+0.15 0.63+0.30 0.63+0.33 1.184+0.13 2.3+1.8 9.642.1 16
SR22 44+12 0.76+0.18 1.00+0.27 0.13£0.05 0.31+0.08 0.44+0.27 1.3+£0.7 0.46+0.05 1.1+£0.9 10.0+1.6 15
SR23 77+20 20£5 2246 1.7+0.5 0.5840.15 22411 9+5 53+6 64131 270440 345
SR24 55+14 14.84+3.5 1745 1.02+0.34 0.83+0.23 9+4 8+4 12.7+1.3 25+13 143420 169
SR25 7.5+2.0 1.06+0.25 1.1840.34 0.07+£0.02 - 0.6+0.4 0.8+0.4 2.1240.23 1.9+14 152424 11
SR26 4.0+1.1 0.89+0.23 1.3+£0.4 0.02+0.01 0.0240.01 29428 0.52+0.28 2.01£0.22 21414 13.8+3.4 18
SR27 121431 3.7+0.9 6.0+1.7 0.15£0.06 0.05+0.02 0.9+0.6 3.942.0 0.90+0.09 51422 33+5 43
SR28 74+19 3.5+0.9 6.0+1.7 - 0.13+0.04 1.0+0.5 3.3%+1.7 0.97+0.10 6.51+2.8 29+4 38
SR29 54+14 0.62+0.15 0.78+0.22 0.12+0.06 0.06+0.03 0.18+0.10 0.58+0.31 0.38+0.04 34422 115425 9
SR30 2.7£0.7 0.574+0.14 0.80+0.22 0.17£0.06 0.084:0.02 0.4540.27 0.37£0.20 0.4540.05 1.1+0.8 6.7£1.2 5
SR31 2.74+0.7 0.56+0.13 1.13+0.32 0.13£0.06 0.07+0.02 0.14+0.07 1.1£0.6 0.15+0.02 15+1.4 7.5£1.8 6
SR32 3.4+09 0.60+0.15 0.46+0.13 - 0.0540.01 0.3440.20 0.38+0.20 0.544-0.06 0.10+0.10 59+1.0 14
SR33 21405 0.59+0.14 0.57£0.16 - 0.01+0.01 0.24+0.15 0.27+0.14 0.54+0.06 22418 6.5+1.9 7
SR34 2.9+0.8 0.66+0.17 0.81£0.23 - 0.08+0.03 0.22+0.11 1.1£0.6 0.31+0.03 0.6+0.5 6.74+1.2 11
SR35 3.2+09 0.8540.22 1.1740.34 - - 0.234+0.13 0.55+0.30 0.9340.10 3.3x1.5 10.3£1.9 17
SR36 1.8+£0.5 0.79+0.20 1.21+0.35 - - 0.5+0.4 0.51£0.27 0.92+0.10 29+15 8.6+1.7 11
SR37 3.3£0.9 0.9610.24 1.1040.32 - 0.024:0.01 0.4040.22 1.0+0.5 0.554:0.06 3.3x1.6 10.642.0 6
SR38 1.9+0.5 0.86+0.22 1.06+0.31 - - 0.35+0.28 0.940.5 0.55+0.06 1.6+£0.9 7.3£1.3 5
SR39 22+0.6 0.654+0.17 1.1640.35 0.02+0.01 - 0.2310.11 3.5+1.8 0.1940.02 1.7+1.0 9.6+2.2 8
SR40 1.5+0.4 0.82+0.23 1.3+£0.4 - - 0.29+0.16 3.1+16 0.20+0.02 2.0+1.0 92419 11
SR41 0.43+0.16 0.14+0.05 0.16+0.06 - - 0.07+0.07 0.13£0.07 0.14+0.02 0.20+0.20 1.3£0.6 2
SR42 0.244-0.08 0.08+0.06 0.08+0.03 - - 0.03%0.03 0.17£0.09 0.044:0.01 - 0.6+0.4 1
SR43 0.20+0.07 0.04+0.04 0.07+0.03 - - 0.12+0.12 0.13£0.07 0.04+0.01 0.24+0.24 0.840.4 0
SR44 0.1440.09 0.0310.03 0.08+0.03 - - 0.0240.02 0.38+0.21 0.044-0.01 0.04+0.04 0.7£0.4 1
SR45 0.15+0.06 0.04+0.03 0.07+0.03 0.03£0.03 - 0.04+0.04 0.32£0.18 0.02+0.01 - 0.74+0.5 1
SR46 9.5+2.5 0.90+0.22 0.90+0.24 8.0+2.1 14.6+3.5 23423 3.6+£1.9 0.5140.05 1.7+1.5 4247 59
SR47 34409 0.86+0.23 0.91+0.24 29408 2.940.7 1.8+1.8 1.5+0.8 0.60+0.06 29+1.6 18+4 23
SR48 1.3+0.4 0.11+0.05 0.05+0.03 1.6£0.6 45+1.1 414 0.440.4 0.05+0.02 0.4+0.4 13+9 10
SR49 0.3740.10 0.1440.04 0.08+0.02 0.56£0.20 0.4040.11 0.0240.01 0.34+0.21 0.044-0.00 0.03+0.03 2.0+£0.5 4
SR50 2.540.7 0.28+0.08 0.54+0.16 0.33£0.11 0.72+0.20 0.07+0.03 1.1£0.6 0.08+0.01 0.67+0.30 6.3+1.0 13
SR51 1.1340.31 0.3440.11 0.56+0.17 0.17+0.06 0.1540.05 0.0240.01 0.8+0.4 0.084-0.01 0.40+0.35 3.7£0.7 4
SR52 0.45+0.12 0.06+0.02 0.05+0.02 0.27£0.12 0.15+0.04 0.02+0.01 0.20£0.11 - 0.05+0.05 1.26+0.33 4
SR53 0.19+0.08 0.04+0.04 0.06+0.03 - 0.03+0.03 - 0.07+0.04 0.014+0.01 - 0.44+0.4 2
SR54 1.7+04 0.24+0.07 0.23+0.07 1.074+0.31 45+1.1 0.7+0.6 0.64+0.32 0.36+0.04 0.69+0.35 10.1+£1.5 24
SR55 0.97+0.25 0.15+0.05 0.12+0.04 0.72+0.21 3.84+0.9 0.03+0.03 0.57+0.31 0.31+0.04 0.33+£0.31 7.0£1.1 4
SR56 0.5740.15 0.0440.01 0.060.02 0.45+0.16 24+0.6 0.3410.34 0.17£0.09 0.184:0.02 0.15+0.10 43+09 5
SR57 2.0+0.5 0.49+0.12 0.53+£0.17 0.22+0.07 0.48+0.13 0.04+0.02 0.74+0.4 0.22+0.02 0.6+0.5 53408 7
SR58 1.6+0.5 0.1610.08 0.30+0.10 0.12+0.12 0.4740.15 2.0+2.0 0.7£0.6 0.134:0.02 0.4+0.4 66 6
SR59 1.0140.30 0.06+0.02 0.15+0.06 0.15+0.06 0.37+0.09 - 0.25+0.16 0.12+0.01 0.11£0.11 22404 3
SR60 0.59+0.17 0.09+0.04 0.33+0.10 - 0.0140.01 0.03+0.02 0.74+0.4 0.04+0.00 0.06+0.06 1.8+£0.5 5
SR61 0.6640.18 0.1140.03 0.20+0.06 0.08+£0.05 0.094:0.02 - 0.52+0.26 0.0240.00 0.25+0.15 1.9+0.4 4
SR62 0.38+0.13 0.05+0.05 0.14+0.05 0.03£0.03 0.03+0.03 0.01+0.01 0.22+0.15 0.024+0.01 0.44+0.4 1.3£0.9 0
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Table 10: Event yields in HL regions. Yields shown as “-” have a contribution smaller than 0.01,

or do not contribute to a particular region.

[ ttW ttZ ttH WZ WW X+ Rares Charge misid.  Nonprompt lep. | SM expected | Data
SR1 17+4 6.1+1.5 6.7+1.8 170+40 48+11 160£80 50+26 29.8+3.2 820+280 1300+£310 1504
SR2 72+19 2.6+0.6 32409 36+10 46111 32420 11+6 5.8+0.6 170+60 310+70 319
SR3 | 0.95+£0.25 0.20+£0.06 0.32+0.08 47+12 22+0.6 0.13+0.13 1.8+0.9 0.20+0.02 14+5 25+6 32
SR4 1.8+0.5 0.81+0.20 1.7+0.5 1.04+0.32 1.41+0.33 0.22+0.15 1.2+0.6 0.41+0.04 23+8 3248 32
SR5 | 1.144+0.30 0.21+0.05 0.22+0.06 55%1.5 7.5£1.9 4+4 1.1+0.6 0.09+0.01 9.0+3.3 29+6 32
SR6 | 0.334+0.08 0.23+0.07 0.22+0.06 2.3+0.6 1.4+0.4 34+34 0.46+0.28 0.18+0.02 8.8+3.1 17+6 11
SR7 | 0.24+0.10 0.09+0.08 0.18+0.05 0.25+0.18 0.23+0.12 0.25+0.25 0.32+0.32 0.02+0.00 3.0£1.8 45+25 6
SR8 45+12 l6+4 18+5 14+4 3.3+0.8 34417 13+7 227423 850+250 1010+£250 1223
SR9 22+6 8.1+£19 9.8+£2.7 48+1.3 42+1.0 6.0£3.4 44423 4.0+04 210460 270160 307
SR10 1.61+0.4 0.25+£0.06 0.34+0.10 0.10+0.04 0.16+0.05 0.614+0.34 0.2040.13 0.214+0.02 3.6+1.4 71£1.7 5
SR11 | 0.7940.21 0.23+£0.06 0.4040.11 0.08+0.04 0.05+0.02 0.16+0.09 0.2040.09 0.17£0.02 44+1.6 6.5+1.6 7
SR12 4.1+1.1 1.224+0.30 3.2+09 0.18+0.07  0.24+0.08 1.6+1.1 0.8+0.4 0.25+0.03 2749 3949 42
SR13 1.9+0.5 1.36+0.33 3.1+09 0.09£0.06  0.06+0.02 1.1+0.5 0.9+0.5 0.29+0.03 2247 3148 37
SR14 43+1.1 0.86+£0.21 1.12+0.31 1.3+£0.4 0.87+£0.21 0.48+0.26 0.57+0.30 0.38+0.04 1345 23+5 27
SR15 | 0.61+0.18 0.08+0.08 0.2940.09 - 0.04+0.04 0.04+0.04 0.1240.07 0.02+0.01 0.9+0.9 21+1.1 7
SR16 | 0.2740.10 0.16+£0.08 0.344+0.11 0.04+0.04 0.01+0.01 - 0.124+0.07 0.02+0.01 0.8£0.8 1.7£0.9 2
SR17 29+7 10.1+2.4 11.6+3.3  0.58+0.19 0.09+0.03 17+8 4.0+2.1 16.1+1.7 130+40 210440 256
SR18 17+4 6.2+1.5 7.8£2.2 0.49+0.14  0.23%+0.06 5.8+2.7 23%12 3.04+0.32 42+13 85+14 104
SR19 | 0.724+0.23 0.124+0.06  0.27+0.08 - - 0.03£0.03  0.05%0.05 0.12+0.02 1.2+09 25+1.2 4
SR20 | 0.56+0.16 0.12+£0.05 0.254+0.08 0.05+0.05 0.03+£0.03 0.13+£0.10 0.09+0.06 0.13£0.02 1.6x1.5 3.0£15 3
SR21 4.2+1.1 1.6+£0.4 3.1+0.9 - 0.1040.03 2.5+2.1 1.2+0.6 0.224+0.02 59+£19 18.9+3.5 27
SR22 2.0+0.5 1.35+0.32 3.1+0.9 - - 0.8+0.5 0.9+0.5 0.22+0.02 7.5+2.6 15.9+2.8 18
SR23 1.9+0.5 0.20+£0.06 0.42+0.12 0.02+0.02 0.09+0.04 0.20+0.10 0.17+0.09 0.10+0.01 0.17+0.16 3.3+£0.6 2
SR24 | 0.824+0.22 0.274+0.10 0.35+0.11 0.17£0.17 0.01£0.01 0.12+0.12  0.14%0.08 0.13£0.02 24+13 44+1.6 2
SR25 | 1.05+0.30 0.26+0.10 0.5640.17 - - 0.20+0.20 0.27+0.15 0.04+0.01 21+1.4 4.5+1.7 5
SR26 | 0.99+0.28 0.41+0.10 0.60+0.18 - 0.01+£0.00 0.46+0.23 0.184+0.10 0.25+0.03 53+22 82422 8
SR27 | 0.494+0.14 04740.12 0.58+0.17 - - 0.50+0.23  0.16+0.09 0.24+0.03 57+2.1 8.1+22 6
SR28 1.440.4 0.60+£0.16  1.13+0.33 - - 0.22+0.10 1.0+0.5 0.14+0.02 52+2.0 9.7£2.1 12
SR29 | 0.884+0.23 0.424+0.10 1.10£0.33 - - 0.32+0.17 1.0£0.5 0.19+0.02 6.91+2.6 10.8+£2.8 7
SR30 | 0.36+0.10 0.14+0.04 0.1940.06 - - 0.02+0.01  0.30+0.16 0.04+0.00 0.05+0.05 1.1+0.4 3
SR31 | 0.39+0.11 0.05+£0.02 0.164+0.05 0.14+0.05 0.12+0.05 0.04+0.03 0.08+0.05 0.08+0.01 1.1+0.4 22405 5
SR32 | 0.73+0.20 0.054+0.02 0.184+0.05 0.16+0.08 0.31+0.10 0.07+0.03 0.32+0.17 0.07+0.01 0.73+0.33 2.6+0.5 3
SR33 2.5+0.6 0.32+£0.08  0.32+0.09 2.6£0.7 49+12 5+5 1.6+0.8 0.11+0.01 47+14 22+6 23
SR34 | 0.96+0.24 0.24+0.06 0.2940.08 1.3+£0.4 0.70+£0.19  0.08+0.06 0.7+0.4 0.09+0.01 2.8+1.1 72+1.4 8
SR35 | 0.29+0.08 0.03+£0.01 0.024+0.01 0.61+0.17 0.93+£0.28 0.02+0.01  0.12+0.10 - 0.27+0.27 2.3+0.5 4
SR36 | 0.11+0.04 0.03+0.02 - 0.04+0.04 0.06+0.05 - 0.08+0.08 - 0.09+0.09 0.42+0.33 1
SR37 | 0.724+0.22 0.124+0.06 0.204+0.06 0.12+0.12  0.34+0.12  0.02+0.02  0.20+0.13 0.02+0.01 1.4+1.3 32+15 3
SR38 | 0.1940.09 0.114+0.06 0.204£0.07 0.02+£0.02 0.05+£0.04 0.01£0.01 0.16+0.11 0.02+0.01 0.6£0.5 1.4+0.6 0
SR39 | 0.21£0.09 0.02£0.02  0.03+0.01 - 0.07+0.04 - 0.04+0.03 - 0.05%0.05 0.41£0.25 0
SR40 | 0.57+0.15 0.06+£0.03 0.184+0.06 0.07+0.07 0.95+0.25 - 0.26+0.13 0.03£0.00 1.0+0.6 3.1£0.7 7
SR41 | 0.25+0.11 0.11£0.06 0.184+0.07 0.04+0.04 0.17+0.09 21+£21 0.1340.09 0.03+0.01 1.1+£0.9 4+4 0
SR42 | 0.87+0.24 0.114+0.03 0.154+0.05 0.26+0.08 1.5+0.4 0.03+£0.01  0.234+0.12 0.06+0.01 1.4+0.7 4.74+0.9 8
SR43 | 0.244+0.07 0.124+0.04 0.21£+0.07 0.22+£0.08 0.31£0.08 0.02+£0.01 0.18+0.10 0.07+0.01 0.35+0.22 1.71+0.35 6

Table 11: Event yields in LL regions. Yields shown as “-” have a contribution smaller than 0.01,
or do not contribute to a particular region.

‘ tTtW ttZ ttH WZ WW X+ Rares Charge misid. Nonprompt lep. ‘ SM expected ‘ Data
SR1 | 0.324+0.08 0.264+0.07 0.304+0.08 1.64+0.5 22405 0.09+0.09 0.39+0.19 0.054+0.01 14+6 20+6 25
SR2 | 0.0940.03 0.044+0.02 0.06+0.02 1.114+0.34 0.86+0.21 0.03+0.01 0.37+0.19 - 23+14 49+1.5 6
SR3 | 0.98+0.24 0.86+0.21 1.01+0.28 0.224+0.07 0.13+£0.03 0.21+£0.21 0.29+0.16 0.07+0.01 19+6 2346 29
SR4 | 0.454+0.14 0.10+0.04 0.274+0.08 0.05+0.05 0.084+0.05 0.7+0.7 0.184+0.18 0.0140.00 22412 4+4 8
SR5 | 0.884+0.24 0.674+0.15 0.944+0.26 - 0.024+0.02 0.16+0.16 0.27+0.14 0.0740.01 4.742.0 7.7+£2.1 13
SR6 | 0.33+0.11 0.154+0.07 0.204+0.06 - 0.04+0.04 0.03+0.03 0.07+0.06 0.01+0.00 0.7+0.7 1.5+0.8 0
SR7 | 0.164+0.08 0.094+0.06 0.184+0.06 - - 0.124+0.12  0.21+£0.11 0.01£0.00 1.7+£1.1 25+1.2 0
SR8 | 0.024+0.02 0.024+0.02  0.01+0.01 - - - 0.01+0.01 - - 0.07+0.07 0
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Table 12: Event yields in ML regions. Yields shown as “-” have a contribution smaller than
0.01, or do not contribute to a particular region.

[ W ttZ ttH WZ X+y Rares Nonprompt lep. | SM expected [ Data
SR1 8.7£2.2 11.1+£2.8 7.0£1.9 87+23 18+11 21+£11 6424 220+40 263
SR2 | 0.15+0.10 0.154+0.10 0.10£0.03 1.2+£0.5 0.02+0.02 0.4+0.4 0.5+0.5 25425 1
SR3 2.3£0.6 2.0£0.5 1.6+0.4 11.9+£3.2  0.24+0.12 42+£22 10+£4 32+6 34
SR4 | 0.18£0.07 0.14£0.05 0.08+0.02 0.1940.19 - 0.20+0.20 0.11+0.11 0.94+0.5 1
SR5 | 1.08+0.28 1.6+0.4 1.03£0.29  10.9£3.0 0.9+0.9 1.6+0.8 4.4+19 22+4 28
SR6 | 0.91+0.23 0.64+0.16 0.58+0.16  4.8+1.3 0.05+0.02 1.1+£0.6 1.5+0.6 9.5%1.8 8
SR7 27+7 2947 2246 6.7£1.8 7+4 11+6 110440 210+40 265
SR8 7.942.0 5.0+1.2 4.6+1.2 1.2+0.4 0.8+0.4 24412 1445 36+6 47
SR9 3.7£1.0 53+1.3 3.54+0.9 1.3+0.4 0.8+0.5 1.9£1.0 5.0+2.2 21.6+3.2 20
SR10 2.7+0.7 1.7+0.4 1.8+£0.5 0.50+0.17 0.28+0.13 1.0+£0.5 3.6+1.6 11.6£1.9 16
SR11 22+6 1945 16+4 0.50+0.15 6.1£3.0 5.0+2.6 15+6 84+11 105
SR12 5.0£1.3 3.0+0.7 29+0.8 0.08+0.02  0.63+0.32 1.3£0.7 2.6+1.0 15.5£2.1 17
SR13 3.2+0.8 424+1.0 3.2+09 0.10+0.03  0.55+0.29 1.6+0.8 29413 15.7£2.2 21
SR14 1.5+£0.4 1.27£0.30 1.21+0.34 - 0.14+0.07  0.8+£0.4 0.4+0.4 5.3+0.8 8
SR15 | 0.90+£0.24  2.0£0.5 1.9£0.6 0.02+0.01  0.254+0.13 2.5+1.3 2.6+14 10.2£2.1 12
SR16 4.6+1.2 4.6+1.1 3.3+0.9 51414 1.9+1.2 3.4+1.7 41413 27+4 40
SR17 | 0.14£0.07 0.18+0.07 0.05+0.02 0.24+0.24 - 0.16+0.16 - 0.84+0.5 2
SR18 3.6+0.9 22405 24407 3.7£1.0 0.15+0.08 3.1+1.6 2.6+1.0 17.8+£2.4 24
SR19 | 0.25£0.09 0.16+0.06 0.07+0.02 0.17+0.12 - 0.274+0.23 0.04+0.04 1.0£0.4 0
SR20 3.3+0.9 1.7+£0.4 1.6£0.5 3.7£1.1 0.10+0.05 3.1+1.6 4.3+19 17.8£3.0 30
SR21 | 0.2840.08 0.21+0.05 0.07£0.02 0.21£0.10 - 0.37+0.21 0.11+0.11 1.26£0.33 2
SR22 | 1.08+0.28 46£11 1.7+0.4 610£160 11+7 100+50 48+17 830+180 955
SR23 | 0.71+0.18 6.8+£1.7 0.45+0.12 69118 3.1+£27 18+9 10+£4 108£22 136
SR24 | 0.20+0.05 8.4£2.1 0.2310.06 93+25 0.02+0.01 12+6 2.8+1.3 117426 139
SR25 | 0.16+0.05 2.0+0.5 0.17+0.05 5.8+1.6 0.03+0.01 22411 0.8+0.6 11.1£2.3 8
SR26 | 0.13+0.03 77£19 0.24+0.07 85422 2.3+13 11+6 3.9£1.7 111£24 128
SR27 | 0.09+0.02 1.4+0.4 0.06+0.02 1444 0.7+0.7 24413 2.0+1.1 21+£5 20
SR28 | 0.10+0.03 2.5+0.6 0.10+0.03 34+9 - 3.7+2.0 0.7+0.4 42+10 45
SR29 | 0.10£0.03 0.45+0.13 0.03+0.01 2.0%0.7 - 0.6140.31 0.22£0.14 34+09 3
SR30 55+14 140434 6.1+1.6 52+14 5.1+29 70+40 40£14 320+50 408
SR31 1.7£0.4 23+6 1.15£0.31 8.3+2.3 0.19+0.10 9+5 3.6£1.8 47+£8 50
SR32 | 0.62+0.16 26+6 0.99+£0.26 114432 0.26%+0.17 9£5 24=£1.0 5149 62
SR33 | 0.31£0.08 7.5£1.8 0.35+0.10 3.5+1.1 0.04+0.02  2.8+1.5 0.6+0.5 15.1£2.6 24
SR34 4.8+1.2 88+21 45+1.2 3.5%+1.0 2.2+1.0 22+11 54420 131424 157
SR35 | 0.97+0.26 13.3£3.2 0.76+0.21 0.72+£0.20 0.09£0.04 27£14 1.5+£0.9 20+4 24
SR36 | 0.55+0.14 20+5 0.89+0.25 0.784+0.26  0.12+0.08 3.7+19 0.6+0.4 27+5 36
SR37 | 0.24+0.06  5.2+1.2 0.34+0.09 0.394+0.13  0.05+0.03 1.2+0.6 0.4+0.4 7.8£1.5 11
SR38 | 0.12+0.04 9.4+£23 0.55+0.16  0.214+0.07  0.04+0.02 224+1.1 0.36+0.25 12.9+2.6 18
SR39 | 0.52+0.14 20+5 0.85+0.24 43+11 1.8£1.0 12+6 43+1.3 82+14 117
SR40 | 0.20+£0.06  3.8+0.9 0.24+0.07  8.2+2.2 0.8+0.7 3.2+1.6 1.6£0.7 18+4 26
SR41 | 0.35%+0.10 9.3+2.2 0.47+0.14 23+6 0.01+0.01 5.3+2.7 1.2+0.5 3948 29
SR42 | 0.34%0.09 1.7+£0.4 0.16+0.05 1.6£0.6 0.02+0.01 0.9+0.4 0.17+0.13 49409 7
SR43 | 0.30+0.08 7.0£1.7  0.1940.05 32+9 - 6.2+3.2 0.87+0.35 46£10 44
SR44 | 0.34+0.09 1.7+£0.4 0.1240.03 1.9£0.6 - 1.1+0.6 0.5+0.5 57+1.2 11

Table 13: Event yields in LM regions. Yields shown as “-” have a contribution smaller than
0.01, or do not contribute to a particular region.

[ ttW ttZ ttH WZ WW X+ Rares Charge misid.  Nonprompt lep. | SM expected | Data
SR1 7.7£2.0 2.9+0.8 2240.6 53+14 53+12 47428 13+7 12.1+1.2 50+30 240450 314
SR2 1.7£0.4 1.07+0.27  1.13+0.30 1.84+0.5 1.8+0.4 32427 1.2+0.6 0.64+0.07 8+4 205 22
SR3 23+6 8.74+2.2 7.1£19 5.6%1.6 5.6%14 1548 6.1£3.3 6.5£0.7 63130 140+£31 159
SR4 6.3£1.6 3.2+0.8 44+12 0.29+0.09  0.25+0.08 1.3+0.7 2.0£1.0 0.71+0.08 14+6 3247 37
SR5 17+4 6.1+1.5 5.6+1.6 0.43+0.12  0.39+0.10 3.6+£2.3 27+14 45+0.5 14+6 5448 66
SR6 6.0£1.6 3.2+0.8 42+1.1 0.10+£0.04 0.13+0.03 1.3+0.6 2.0£1.0 0.65+0.07 43£27 22+4 33
SR7 2.440.6 1.21+0.30 1.440.4 0.07+0.03 - 0.6+0.4 2.1+1.1 0.51+0.05 14+1.4 9.7+2.1 23
SR8 | 0.104+0.05 0.01+0.01 0.02+£0.01 0.22+0.10  0.80+0.20 - 0.04+0.02 0.06£0.01 0.28+0.28 1.5+0.5 3
SR9 | 0.364+0.10 0.15+0.05 0.11+£0.03 0.16+0.05 0.11+0.03 0.18+0.11 0.19+0.10 0.03£0.00 0.284+0.28 1.6+0.4 1
SR10 | 0.16+0.08 0.044+0.03 0.014+0.01 0.23+0.14 0.78+0.24 1.3+1.3 0.09+0.09 0.06+0.02 0.16+0.16 29429 1
SR11 | 0.46+0.15 0.014+0.01 0.08+0.03 - 0.13+£0.07  0.02+0.02  0.1540.11 0.04+0.02 1.0+1.0 19+14 3
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