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Abstract A data sample of events from proton-proton col-
lisions with at least two jets, and two isolated same-sign or
three or more charged leptons, is studied in a search for signa-
tures of new physics phenomena. The data correspond to an
integrated luminosity of 137 fb~! at a center-of-mass energy
of 13 TeV, collected in 2016-2018 by the CMS experiment
at the LHC. The search is performed using a total of 168 sig-
nal regions defined using several kinematic variables. The
properties of the events are found to be consistent with the
expectations from standard model processes. Exclusion lim-
its at 95% confidence level are set on cross sections for the
pair production of gluinos or squarks for various decay sce-
narios in the context of supersymmetric models conserving
or violating R parity. The observed lower mass limits are as
large as 2.1 TeV for gluinos and 0.9 TeV for top and bottom
squarks. To facilitate reinterpretations, model-independent
limits are provided in a set of simplified signal regions.

1 Introduction

In the standard model (SM), the production of multiple jets
in conjunction with two same-sign (SS) or three or more
charged leptons is a very rare process in proton-proton (pp)
collisions. These final states provide a promising starting
point in the search for physics beyond the SM (BSM). Many
models attempting to address the shortcomings of the SM
lead to such signatures. Examples include the production of
supersymmetric (SUSY) particles [1,2], SS top quark pairs
[3,4], scalar gluons (sgluons) [5,6], heavy scalar bosons of
extended Higgs sectors [7,8], Majorana neutrinos [9], and
vector-like quarks [10].

In SUSY models [11-19], the decay chain of pair-
produced gluinos or squarks can contain multiple W or Z
bosons, with the potential to have at least one pair of SS
W bosons. Such a decay chain is realized, for example in

*e-mail: cms-publication-committee-chair@cern.ch

Published online: 18 August 2020

gluino pair production, when a gluino decays into a top quark-
antiquark 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 [20] conserving (RPC) scenarios,
the lightest SUSY particle is neutral and stable and escapes
detection, leading to an imbalance in the measured trans-
verse momentum. The magnitude of the missing transverse
momentum strongly depends on the details of the model, and
in particular on the mass spectrum of the particles involved.
Scenarios with R parity violation (RPV) [21,22] addition-
ally allow decays of SUSY particles into SM particles only,
leading in many cases to signatures with little or no miss-
ing transverse momentum. 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 suitable for probing compressed mass spectra
and other scenarios involving low-momentum leptons or low
missing transverse momentum. Both the ATLAS [23] and
CMS [24,25] Collaborations have carried out searches in
these channels using LHC data collected up to and including
2016. The ATLAS Collaboration has also recently released a
search with the full data set recorded between 2015 and 2018
[26].

In this paper, we extend and refine the searches described
in Refs. [24,25] using a larger data set of pp collisions at
/s = 13TeV recorded by the CMS detector at the CERN
LHC in 2016-2018, corresponding to an integrated luminos-
ity of 137fb~!. We base our search on an initial selection
of events with at least two hadronic jets and two SS or three
or more light leptons (electrons and muons), including those
from leptonic decays of t leptons. Several signal regions
(SRs) are then constructed with requirements on variables
such as the number of leptons, the number of jets (possibly
identified as originating from b quarks), and the magnitude of
missing transverse momentum. A simultaneous comparison
of the observed and SM plus BSM expected event yields in
all SRs is performed to constrain the BSM models described
in Sect. 2. After a brief description of the CMS experiment
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in Sect. 3, we present the details of the search strategy and
event selection in Sect. 4 and discuss the various relevant
backgrounds from SM processes in Sect. 5. The system-
atic uncertainties considered in the analysis are presented
in Sect. 6. In Sect. 7, the observed yields are compared to
the background expectation and the results are interpreted to
constrain the various BSM models introduced earlier. Model
independent limits are also derived. Finally, the main results
are summarized in Sect. 8.

2 Background and signal simulation

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

The hard scattering process of the dominant backgrounds
estimated from simulation (including the ttW, ttZ and WZ
contributions) is simulated with the MADGRAPHS_aMC @NLO
2.2.2 (2.4.2) [27-29] generator for 2016 (2017 and 2018)
conditions. An exception is the WZ process for the 2016
conditions that, as with a few subdominant backgrounds,
is simulated using the POWHEG v2 [30-34] next-to-leading
order (NLO) generator. Samples of signal events, as well
as of SS W boson pairs and other very rare SM processes,
are generated at leading order (LO) accuracy with MAD-
GRAPHS5_aMC@NLO, with up to two additional partons in

the matrix element calculations. The set of parton distribu-
tion functions (PDFs) used was NNPDF3.0 [35] for the 2016
simulation and NNPDF3.1 [36] for the 2017 and 2018 sim-
ulations.

Parton showering and hadronization, as well as the double
parton scattering production of WEW= are described using
the PYTHIA 8.230 generator [37] with the CUETPSM1 (CP5)
underlying event tune for 2016 (2017 and 2018) simulation
[38—40]. The response of the CMS detector is modeled using
the GEANT4 program [41] for SM background samples, while
the CMS fast simulation package [42,43] is used for signal
samples.

To improve the MADGRAPH5_aMC@NLO modeling of
the multiplicity of additional jets from initial-state radiation
(ISR), 2016 MC events are reweighted according to the num-
ber of ISR jets (N}SR). The reweighting factors are extracted
from a study of the light-flavor jet multiplicity in dilepton tt
events. They vary between 0.92 and 0.77 for N‘I,SR between
1 and 4, with one half of the deviation from unity taken as
the systematic uncertainty. This reweighting is not necessary
for the 2017 and 2018 MC samples that are generated using
an updated PYTHIA tune.

The phenomenology of a given SUSY model strongly
depends on its underlying details such as the masses of the
SUSY particles and their couplings with the SM particles and
each other, many of which can be free parameters. The sig-
nal models used by this search are simplified SUSY models
[44,45] of either gluino or squark pair production, followed
by a variety of RPC (Figs. 1, 2) or RPV (Fig. 3) decays

(a) T1tttt

(b) T5ttbbWW

(c) T5tttt

(d) T5ttcc

(e) T5qqqqWZ

Fig. 1 Diagrams illustrating the simplified RPC SUSY models with gluino production considered in this analysis
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Fig. 3 Diagrams illustrating
the two simplified RPV SUSY
models considered in this
analysis

(a) T1gqqqL

and where several leptons can arise in the final state. Pro-
duction cross sections are calculated at approximate next-to-
next-to-leading order plus next-to-next-to-leading logarith-
mic (NNLO+NNLL) accuracy [46—58]. The branching frac-
tions for the decays shown are assumed to be 100%, unless
otherwise specified, and all 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 Fig. 1. In these models, the gluino decays to the lightest
squark (g — qq), which in turn decays to same-flavor (q —
qx?) or different-flavor (§ — q'} li) quarks. The chargino
(X;) decays to a W boson and a neutralino (f(?) via )”(li —
W+ )Z? , where the )Z? is taken to be the lightest stable SUSY
particle and escapes detection.

The first scenario, denoted by Tltttt and displayed in
Fig. la, includes an off-shell top squark (t) leading to the
three-body decay of the gluino, § — tt )Z?, resulting in events
with four W bosons and four b quarks. Figure 1b presents a
similar model (T5ttbbWW) where the gluino decay results
in a chargino that further decays into a neutralino and a W
boson. The model shown in Fig. 1c (T5tttt) is the same as
T1tttt except that the intermediate top squark is on-shell.
The mass splitting between the t and the )Z? is taken to be
mi—mgzo = my, where m is the top quark mass. This choice
maximizes the kinematic differences between this model and
T1tttt, and also corresponds to one of the most challeng-
ing regions of parameter space for the observation of the
t—t )Z? decay since the neutralino is produced at rest in the
top squark rest frame. The decay chain of Fig. 1d (T5ttcc) is

(b) Tltbs

identical to that of T5tttt except that the t decay involves a
cquark. In Fig. le, the decay process includes a virtual light-
flavor squark, leading to three-body decays of § — qq'x li
org — qq )Zg, with a resulting signature of two W bosons,
two Z bosons, or one of each (the case shown in Fig. 2e),
and four light-flavor jets. This model, T5qqqqWZ, with a
resulting signature of one W boson and one Z boson, is stud-
ied with two different assumptions for the chargino mass:
My = 0.5(mg +m>?°)’ and My =m0 420 GeV, produc-
ing on- and off-shell Jbosons, respectively. The model is also
considered with the assumption of decays to two W bosons
exclusively (T5qqqqWW).

Figure 2a shows a model of bottom squark production
with subsequent decay of by — t )Zli, yielding two b quarks
and four W bosons. This model, T6ttWW, is considered as a
function of the the lightest bottom squark, Bl ,and )Zli masses.
The )210 mass is fixed to be 50 GeV, causing two of the W
bosons to be produced off-shell when the )N(li mass is less
than approximately 130 GeV. Figure 2b displays a model
similar to T6ttWW, but with top squark pair production and a
subsequent decay of t, — t;H/Z, with t; — ti?, producing
signatures with two H bosons, two Z bosons, or one of each.
In this model, T6ttHZ, the x{ mass is fixed such that m (t;) —
m(xy) = m.

The R parity violating decays considered in this analysis
are T1qqqqL (Fig. 3a) and T1tbs (Fig. 3b). In T1qqqqL, the
gluino decays to the lightest squark (g — qq), which in
turn decays to a quark (q — q f(?), but decays with the f(?
off shell (violating R parity) into two quarks and a charged
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lepton, giving rise to a prompt 5-body decay of the gluino.
In T1tbs, each gluino decays into three different SM quarks
(a top, a bottom, and a strange quark).

3 The CMS detector and event reconstruction

The central feature of the CMS detector is a superconduct-
ing solenoid of 6 m internal diameter, providing a mag-
netic field of 3.8 T. Within the solenoid volume are a sili-
con pixel and strip tracker, a lead tungstate crystal electro-
magnetic calorimeter (ECAL), and a brass and scintillator
hadron calorimeter (HCAL), each composed of a barrel and
two endcap sections. Forward calorimeters extend the pseu-
dorapidity (1) coverage provided by the barrel and endcap
detectors. 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 definition of the coordinate system used and the rele-
vant kinematic variables, can be found in Ref. [59].

Events of interest are selected using a two-tiered trigger
system [60]. The first level, 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 time interval of less than 4 ps. 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 reconstructed vertex with the largest value of summed
physics-object squared-transverse-momentum is taken to be
the primary pp interaction vertex. The physics objects are
the jets, clustered using the jet finding algorithm of Refs.
[61,62] with the tracks assigned to the vertex as inputs, and
the associated missing transverse momentum, taken as the
negative vector sum of the transverse momentum (pt) of
those jets.

The particle-flow (PF) algorithm [63] aims to reconstruct
and identify each individual particle in an event, with an
optimized combination of information from the various ele-
ments of the CMS detector. The energy of photons is directly
obtained from the ECAL measurement. The energy of elec-
trons is determined from a combination of the electron
momentum at the primary interaction 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 [64]. The momentum of
muons is obtained from the curvature of the corresponding
track, combining information from the silicon tracker and the
muon system [65]. The energy of charged hadrons is deter-
mined 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 calorime-
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ters to hadronic showers. The energy of neutral hadrons is
obtained from the corresponding corrected ECAL and HCAL
energies.

Hadronic jets are clustered from charged PF candidates
associated with the primary vertex and from all neutral PF
candidates using the anti-kT algorithm [61,62] with a dis-
tance 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 [66]. Additional jet energy cor-
rections are derived from simulation to bring the detector
response to unity, and are improved with in situ measure-
ments of the energy balance in dijet, multijet, photon-+jets,
and leptonically decaying Z+jets events [67,68]. Additional
selection criteria are applied to each jet to remove jets poten-
tially dominated by instrumental effects or reconstruction
failures. Jets originating from b quarks are identified as b-
tagged jets using a deep neural network algorithm, DeepCSV
[69], with a working point chosen such that the efficiency
to identify a b jet is 55-70% for a jet pt between 20 and
400 GeV. The misidentification rate for a light-flavor jet is
1-2% in the same jet pr range.

The vector ﬁfrniss is defined as the projection onto the plane
perpendicular to the beams of the negative vector sum of
the momenta of all reconstructed PF candidates in an event
[70]. Its magnitude, called missing transverse momentum, is
referred to as p?i“. The scalar pt sum of all jets in an event
is referred to as Hr.

4 Search strategy and event selection

The search strategy is similar to the one adopted in Refs.
[24,25]. The event selection requires the presence of at least
two hadronic jets and at least two leptons, among which is an
SS pair, as described below. Each selected event is assigned
to an SR, based on its content. Maximum likelihood fits of
the background (or signal plus background) predictions to the
data in all SRs are then performed. Such a strategy ensures
sensitivity to a broad range of possible signatures of new
physics, even beyond the signal benchmarks considered in
this analysis.

The kinematic requirements applied to leptons and jets
are presented in Table 1. The analysis requires at least two
jets with ptr > 40GeV and two light SS leptons with
pt > 15GeV (10GeV) for electrons (muons). Electrons
are identified based on a discriminant using shower shape
and track quality variables, while the muon identification
relies on the quality of the geometrical matching between
the tracker and muon system measurements. In order to reject
leptons from the decay of heavy flavor hadrons, the tracks are
required to have an impact parameter compatible with the
position of the primary vertex. Several isolation criteria are
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Table 1 Transverse momentum and pseudorapidity requirements for
leptons and jets. Note that the pr thresholds to count jets and b-tagged
jets are different; the jet multiplicity Njes includes b-tagged jets if their
pr exceeds 40 GeV

Object pt (GeV) [n]

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

also applied, based on the scalar sum of hadron and photon
pt within a cone centered on the lepton direction and whose
radius decreases with its pr, the ratio of the pt of the lepton
to that of the closest jet, and the relative pt of the lepton
to that of the closest jet after lepton momentum subtraction.
These criteria are designed to mitigate the loss of lepton effi-
ciency caused by lepton-jet overlaps that occurs frequently
in events with significant hadronic activity. A more detailed
description of the set of identification and isolation variables
used in the lepton selection can be found in Ref. [71].

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
reaching the maximum value for pt > 60 GeV. In the low-
momentum regime, 15 < pr < 25GeV for electrons and
10 < pr < 25GeV for muons, the efficiencies are approx-
imately 40% for electrons and 55% for muons. The lepton
trigger efficiency for electrons is in the range of 90-98%,
converging to the maximum value for pt > 30 GeV, and it
is around 92% for muons.

In order to reduce backgrounds from the decays of c- and
b-hadrons or from the Drell-Yan process, we reject events
with same-flavor lepton pairs with invariant mass (m,) less
than 12 GeV, where leptons are reconstructed with a looser
set of requirements compared to the nominal selection. Fur-
thermore, events containing a lepton pair withmy, < 8 GeV,
regardless of charge or flavor, are rejected in order to emulate
asimilar condition applied at the trigger level. Events are then
separated according to the pt of the leptons forming the SS
pair: high-high if both have pt > 25 GeV, low-low if both
have pt < 25 GeV, and high-low otherwise.

Two sets of trigger algorithms are used to select the events:
pure dilepton triggers, which require the presence of two iso-
lated leptons with pr thresholds on the leading (subleading)
lepton in the 17-23 (8-12) GeV range, and dilepton trig-
gers with no isolation requirements, a lower pt threshold of
8 GeV, an invariant mass condition mg; > 8 GeV to reject
low mass resonances, and with a minimum Hr in the range
of 300—350 GeV. The ranges listed here reflect the varying
trigger conditions during the data taking periods. The pure
dilepton triggers are used to select high-high and high-low

pairs, while low-low pairs are selected using the triggers with
Hrt requirements.
Six exclusive categories are then defined as follows:

— High-High SS pair, significant meiSS (HH): exactly 2 lep-
tons, both with pr > 25GeV, and pI** > 50 GeV;

— High-Low SS pair, significant meiSS (HL): exactly 2 lep-
tons, one with pt > 25GeV, one with pr < 25GeV,
and p%liss > 50GeV;

— Low-Low SS pair, significant p%‘iss (LL): exactly 2 lep-
tons, both with pr < 25 GeV and prT“iss > 50GeV;

— Low prT“iss (LM): exactly 2 leptons, both with pt >
25GeV, and pss < 50 GeV; and

— Multilepton with an on-shell Z boson (on-Z ML): >3
leptons, at least one with pt > 25 GeV, meiSS > 50GeV,
> Z boson candidate formed by a pair of opposite-sign
(OS), same-flavor leptons with 76 < myp < 106 GeV.

— Multilepton without an on-shell Z boson (off-Z ML):
same as on-Z ML but without a Z boson candidate.

The categories are typically sensitive to different new
physics scenarios and enriched in different SM backgrounds.
For example the HH category drives the sensitivity for most
of the RPC scenarios (T1tttt, TSttbbWW, T5tttt, T1tttt,
T5qqqqWW) with a large mass splitting between the gluino
and the lightest neutralino. The HL and LL categories become
relevant for lower mass splitting when one or both leptons
tend to be soft. Scenarios resulting in the presence of one or
multiple Z bosons in the final state such as T5qqqqWZ and
To6ttHZ will typically be primarily constrained by the on-Z
or off-Z category, also depending on the considered SUSY
mass spectrum. Finally the LM category enhances the anal-
ysis sensitivity for RPV scenarios, in particular for T1qqqqL
where no genuine prT‘“iSS is expected.

Various SRs are constructed based on the jet multiplicity
Njets, the b-tagged jet multiplicity Ny, Hr, p%‘iss, the charge
of the SS pair, and m?in, which is defined below. The m?in
variable, introduced in Ref. [71], is defined as the minimum
of the transverse masses calculated from each of the leptons
forming the SS pair and ﬁ%‘iss, except for the on-Z ML cate-
gory where we only consider the transverse mass computed
using the leptons not forming the Z candidate. It is character-
ized by a kinematic cutoff for events where p%ﬁss only arises
from the leptonic decay of a single W boson and is effective
at discriminating signal and background signatures.

A subset of SRs is split by the charge of the leptons in
an SS pair which is used to take advantage of the charge
asymmetry in most of the background processes, such as WZ,
ttW or SS WW. The SRs corresponding to each category, HH,
HL, LL, LM, on-Z ML, and off-Z ML, are summarized in
Tables 2, 3, 4, 5, 6 and 7, respectively. The binning ranges
are chosen to maximize the sensitivity to a variety of SUSY

benchmark points and are such that the expected SM yield in
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Table 2 The SR definitions for the HH category. Charge-split regions are indicated with (++) and (- -). The three highest H regions are split only
by Nijets, resulting in 62 regions in total. Quantities are specified in units of GeV where applicable.

[ Ny | mP™ | pS ] Njes | Hr <300 | Hrpe[300,1125] | Hr e[1125,1300] | Hr € [1300,1600] | Hr > 1600 |
24 SR1 SR2
0 50-200 =3 SRi
200300 |22 SR5 (++) / SR6 (--)
0 >5 SR7
s0200 |24 SR3 SR8 (++) / SR9 (--) SR54 SR55 SR56
>5 Njets <5 Njets <5 Njets <5
>120 24 SR10
200-300
>5
24 SRI11 SR12
<120 >0-200 >5 SRI5 (++) / SR16 (--)
24 SR17 (++)/ SRIS8 (--)
200-300
1 =5 | SRI3 (+4)/ SRI9
50200 221 “sr14(..) [SRZOGH/SRAICH) SR57 SR58 SR59
o >5 Njes =501 6 Njes =501 6 Njes =50r 6
>120 4 SR22
200-300 =3
24 SR23 SR24
~120 50-200 >5 SR27 (++)/ SR28 (--)
24 SR29 (++) / SR30 (--)
200-300
2 25| SR25 (+4)/ SR3L
50200 22| Sro6(..) | SRBZEHHISRII() SR60 SR61 SR62
>5 Njels > 6 Njels >6 Njels >6
>120 i SR34
200-300
>5
s0200 |22 SR37 (++) / SR38 (--)
120 >5 SR35 (++)/ | SR39 (++) /SR40 (--)
-3 200300 2=4 | SR36.(--) | SR37 (++)/SR38 (--)
= >5 SR39 (++) / SR40 (--)
24 SR42 (++)/ SR43 (--)
>120 50-300 =3 SR41 SRAZ () TSRAS (0
300500 |, , SR46 (++) / SR47 (--)
Inclusive | Inclusive >300 - SR48 (++) / SR49 (- -)
300500 | _ SR50 (++)/ SR51 (--)
>500 = SR52 (++) / SR53 (--)

Table 3 The SR definitions for the HL category. Charge-split regions are indicated with (++) and (- -). There are 43 regions in total. Quantities
are specified in units of GeV where applicable.

Np mP [ pWSS | Njes | Hr <300 | Hy €[300,1125] | Hr e [1125,1300] | Hr > 1300 |
50200 |24 SR1 SR2
0 <120 = SR4
00300 |24 SR3 SR5 (++) / SR6 (--)
>5 SR7
24 SR8 SRO
50-200
| —120 =5 | sri0 ny SRI2 (++) /SR13 (--)
200-300 22| SRI1(--) SR
=5 SR15 (++) / SR16 (--) SR40 (++) / SR42 (++) /
24 SR17 SR18
50-200 SR41 (--) SR43 (--)
>3 SR21 (++)/ SR22 (--)
2 <120 SR19 (++) /
00300 |24 SR20 () SR23 (++)/ SR24 (--)
>3 SR25
50-200 SR26 (++)7 | SR28 (++)/SR29 (--)
23 <120 50300 ] 22 | SR27(--) SR30
Inclusive >120 50-300 >2 SR31 SR32
300-500 [, , SR33 (++) / SR34 (--)
Inclusive | Inclusive >300 - SR35 (++) /SR36 (--)
300500 |~ _ SR37 (++)/ SR38 (--)
=500 = SR39
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Table 4 The SR definitions for the LL category. All SRs in this category require Njes > 2. There are 8 regions in total. Quantities are specified in

units of GeV where applicable.

Ny my™" Ht P € [50,200] | p's* > 200
0 SR1 SR2
1 SR3 SR4
) <1201 400 SRS SR6
=3 SR7
Inclusive | >120 SR8

Table 5 The SR definitions for the LM category. All SRs in this category require p™ < 50 GeV and Hr > 300 GeV. The two high-Hr regions

T

are split only by Njes, resulting in 11 regions in total. Quantities are specified in units of GeV where applicable.

No | Niew | Hr € [300, 1125] | Hr € [1125, 1300] Hr > 1300
0 |24 SR1
=5 SR2 SR8 (Njes < 5) | SRIO (Njeis < 5)
| [ SR3
>3 SR4
o} SR5 SR (Njers > 5) | SR11 (Njeys = 5)
=5 SR6
>3 [ =2 SR7

Table 6 The SR definitions for the on-ZML category. All SRs in
these categories require Njeis > 2. Regions marked with T are split

by m?i“ = 120 GeV, with the high—m%‘i“ region specified by the sec-
ond SR label. There are 23 regions in total. Quantities are specified in
units of GeV where applicable.

No Hr PSS €[50, 150] | p™S € [150,300] | p > 300
0 <400 SR1/SR2F SR3/SR4T
400-600 SR5/SR6F SR7/SR8F
) <400 SR9 SR10
400-600 SR11 SR12 ;
5 <400 SR13 SR14 SR22/SR23
400-600 SR15 SR16
>3 <600 SR17
Inclusive >600 SRIZ/SRI9" | SR20/SR21"

Table 7 The SR definitions for the off-Zcategory. All SRs in these
categories require Njes > 2. Regions marked with T are split by

m?in = 120GeV, with the high-m?i“ region specified by the second
SR label. There are 21 regions in total. Quantities are specified in units
of GeV where applicable.

No Hr PSS €[50, 150] | p™ € [150,300] | pI > 300
0 <400 SR1/SR27 SR3/SR4T
400-600 SR5 SR6
) <400 SR7 SR8
400-600 SR9 SR10 .
) ~300 SR11 SR12 SR20/SR21
400-600 SR13 SR14
>3 <600 SR15
Inclusive >600 SRI6/SR17" |  SRIS/SRIY

any SR has relative statistical uncertainties typically smaller
than unity.

5 Backgrounds
Several SM processes can lead to the signatures studied in this

analysis. There are three background categories, depending
on the lepton content of the event:

— Events with two or more prompt leptons, including an SS
pair;

— Events with at least one nonprompt lepton (defined
below); and

— Events with a pair of OS leptons, one of which is recon-
structed 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 top quarks, which then decay leptoni-
cally leading to an SS lepton pair. This category usually dom-
inates the background yields in SRs with large p?iss or Hr
and in most of the ML SRs with a Z candidate. The main con-

tributions arise from the production of a WZ or an SS Wpair,
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Table 8 Summary of the

. Source
sources of systematic

Typical uncertainty (%) Correlation across years

uncertainty and their effect on
the yields of different processes
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 the data. The
uncertainties in the first group
also apply to signal samples.
Reported values are
representative for the most
relevant signal regions

Integrated luminosity
Lepton selection
Trigger efficiency
Pileup

Jet energy scale

b tagging

Simulated sample size

Scale and PDF variations

Nonprompt leptons

Charge misidentification
ISR

Ny

Theoretical background cross sections

2.3-2.5 Uncorrelated
2-10 Uncorrelated
2-7 Uncorrelated
0-6 Uncorrelated
1-15 Uncorrelated
1-10 Uncorrelated
1-20 Uncorrelated
10-20 Correlated

30-50 Correlated

30 Correlated

20 Uncorrelated
1-30 Uncorrelated

or of a tt pair in association with a W, Z or H boson. The
event yields for these processes are estimated individually. In
contrast, the expected event yields from other rare processes
(including ZZ, triple boson production, tWZ, tZq, tttt, and
double parton scattering) are summed up into a single con-
tribution denoted as “Rare”. Processes including a genuine
photon, such as Wy, Zy, tfy, and ty, are also considered and
grouped together. They are referred to as “Xy”. All contribu-
tions from this category are estimated using simulated sam-
ples. Correction factors are applied to take into account small
differences between data and simulation, including trigger,
lepton selection, and b tagging efficiencies, with associated
systematic uncertainties listed in Sect. 6.

The second category consists of events where one of the
selected leptons, generically denoted as “nonprompt lepton”,
is either a decay product of a heavy flavor hadron or, more
rarely, a misidentified hadron. This category is typically the
dominant one in SRs with moderate or low p%liss or low m?i“
(except for the on-Z ML SRs). This background is estimated
directly from data using the “tight-to-loose” method [24,25].
This method is based on the probability for a nonprompt lep-
ton passing loose selection criteria to also satisfy the tighter
lepton selection used in the analysis. The number of events
in an SR with N leptons, including at least one nonprompt
lepton, can be estimated by applying this probability to a
corresponding control region (CR) of events with N loose
leptons where at least one of them fails the tight selection.

@ Springer

The measurement of the tight-to-loose ratio is performed
in a sample enriched in dijet events with exactly one loose
lepton, low p%‘iss, and low m?i“. This sample is contaminated
by prompt leptons from W boson decays. The contamination
is estimated from the m?i“ distribution, and it is subtracted
before calculating the ratio. The tight-to-loose ratio is com-
puted separately for electrons and muons, and is parameter-
ized as a function of the lepton 1 and p™'". The p™'" variable
is defined as the sum of the lepton pr and the energy in the
isolation cone exceeding the isolation threshold value applied
to tight leptons. This parametrization improves the stability
of the tight-to-loose ratio with respect to variations in the pr
of the partons from which the leptons originate.

The performance of the tight-to-loose ratio was assessed
in a MC closure test. A tight-to-loose ratio was extracted
from a MC sample of QCD events. This ratio was then used
to predict the number of events with one prompt and one non-
prompt SS dileptons in MC tt and W+jets events. The pre-
dicted and observed rates of SS dileptons were compared as
a function of kinematic properties and found to agree within
30%. The data driven estimate was also compared to a direct
prediction from simulation and a similar level of agreement
was reached.
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Fig. 4 Distributions of the main analysis variables after the event selec-
tion: Hr, p'T"iSS, m%‘i“, Njets, Nb., and the charge of the SS pair, where the
last bin includes the overflow (where applicable). The hatched area rep-
resents the total statistical and systematic uncertainty in the background

prediction. The lower panels show the ratio of the observed event yield
to the background prediction. The prediction for the SUSY model T1tttt
with mg = 1600 GeV and m 7= 600 GeV is overlaid
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Table9 Expected background event yields, total uncertainties, and observed event yields in the SRs used in this search

HH regions LL regions Off-Z ML regions
SR Expected SM Obs. SR Expected SM Obs. SR Expected SM Obs.
1 1560 £ 300 1673 1 1390 +£ 300 1593 1 235+ 47 309
2 582 +93 653 2 348 + 67 337 2 19.3+5.2 26
3 100 £ 25 128 3 269+8.8 39 3 142 £39 156
4 39.5+8.5 54 4 359+09.1 34 4 32.2+8.8 38
5 57.7+£9.9 53 5 29.8+6.0 34 5 53.0+09.1 69
6 325+7.1 24 6 222472 12 6 22.0+4.0 30
7 55+£1.8 7 7 47+14 6 7 10.1£2.0 21
8 229+5.1 33 8 1100 £ 280 1342 8 1.53+0.48 3
9 19.5+39 20 9 299+ 71 330 9 1.58 £ 0.41 0
10 9.6+1.9 11 10 9.1+23 8 10 29429 1
11 940 £+ 270 1115 11 64+1.6 9 11 1.31 £0.93 4
12 340 + 81 384 12 42.1+£9.2 49
13 36.3+9.5 40 13 33.0+84 39 On-Z ML regions
14 26.8 £7.4 26 14 25.8+£59 25 SR Expected SM Obs.
15 42.7+8.6 68 15 2.8+£2.0 7 1 840 £ 170 985
16 37.9+8.6 41 16 25+1.3 2 2 107 £21 136
17 26.5+6.2 29 17 222 +£42 260 3 119 +£27 146
18 143+3.6 13 18 86+ 15 104 4 11.1+2.1 10
19 10.6 £2.5 12 19 2.22 +£0.90 4 5 109 + 24 126
20 123+29 14 20 324+ 1.1 4 6 19.3+4.1 24
21 92+27 17 21 19.8 £3.8 28 7 42 +10 47
22 10.1 £ 2.1 17 22 16.1 £3.0 19 8 3.47+0.84 3
23 272 +£43 354 23 47+13 1 9 327 + 54 419
24 147 £ 25 177 24 40+1.2 2 10 46.5+ 8.4 53
25 153+2.9 12 25 4.0+ 1.1 5 11 51.3+09.1 62
26 114+24 19 26 85+24 7 12 15.6 +2.8 27
27 334454 49 27 84+25 7 13 131 £27 162
28 30.1+£4.9 38 28 89422 11 14 199143 26
29 104 +2.2 9 29 10.9 £ 3.1 11 15 269 +6.1 35
30 6.6+1.3 7 30 1.25+0.39 3 16 78+1.8 12
31 69+15 6 31 1.92 +£0.37 4 17 14.0 £ 3.1 19
32 59+1.1 14 32 2.77 £0.56 3 18 84+ 15 117
33 6.1+1.6 7 33 19.1 +4.1 23 19 18.2+3.3 26
34 6.8+£1.3 10 34 75£1.5 9 20 40.4+7.6 34
35 88+ 1.5 16 35 2.124+0.49 5 21 4.92+£0.88 7
36 8.7+2.0 11 36 0.47 £0.33 1 22 46.9+9.9 50
37 94+1.9 7 37 2.75+0.77 4 23 58+1.2 10
38 70+1.3 5 38 1.68 + 0.50 0
39 9.6+2.1 9 39 0.97 £0.97 0 Off-Z ML regions
40 8.6+1.7 11 40 2.83+£0.70 7 SR Expected SM Obs.
41 1.10+£0.32 2 41 38+3.8 0 1 222 +36 285
42 0.63 +£0.49 0 42 49+1.0 9 2 27+£1.7 2
43 0.67 £ 0.60 1 43 236 +£0.72 5 3 355+64 34
44 0.74 £0.27 1 4 0.99 £0.31 2
45 0.71 £0.53 1 LL regions 5 22.1+4.0 29
46 47.8£9.7 59 SR Expected SM Obs. 6 9.7+ 1.7 8
47 17.3+£3.8 24 1 23.0+£7.2 29 7 217 £ 44 272
48 10.3+£2.9 11 2 50+ 1.6 6 8 37.7+6.8 56
49 2.06 +0.49 3 3 23.8+6.6 27 9 21.4+3.7 21
50 6.5+ 1.1 13 4 47+1.5 7 10 109+ 1.9 18
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Table 9 continued
HH regions LL regions Off-Z ML regions
SR Expected SM Obs. SR Expected SM Obs. SR Expected SM Obs.
51 3.72£0.79 4 5 80+19 15 11 89+ 14 112
52 1.21 £0.29 4 6 20+1.1 0 12 15.6£24 20
53 0.44 +£0.44 2 7 1.61 £0.59 3 13 164 +2.7 23
54 9.8+1.8 24 8 0.06 £+ 0.06 0 14 5.36 £0.95 7
55 73+14 4 15 9.0+ 1.6 12
56 4.44 +£0.98 6 16 284+£39 46
57 5.7+1.1 6 17 0.72 £ 0.41 2
58 40£1.0 6 18 17.8 £2.8 25
59 2244053 2 19 0.89 +£0.29 0
60 1.83 £0.44 5 20 17.7£3.3 31
61 1.88 +0.40 5 21 1.20 £ 0.32 2
62 1.35£0.56 0

The final category is a subdominant background in all
SRs and corresponds to events where the charge of a lepton
is incorrectly measured. Charge misidentification primarily
occurs when an electron undergoes bremsstrahlung in the
tracker material or in the beam pipe. Similarly to the tight-
to-loose method, the number of SS lepton pairs where one
of the leptons has its charge misidentified can be determined
using the number of OS pairs and the knowledge of the charge
misidentification rate. We use simulation to parameterize this
rate as a function of pt and 5 for electrons and find values
varying between 10~ (central electrons with pt & 20 GeV)
and 5 x 1073 (forward electrons with pt ~ 200 GeV). To
calibrate the charge misidentification rate, we exploit the fact
that charge misidentification only has a small effect on the
electron energy measurement in the calorimeter. As a result,
electron pairs from Z boson decays yield a sharp peak near
the Z mass even when one of the electrons has a misidentified
charge. The SS dielectron invariant mass distributions in data
and MC can then be used to derive a correction factor to the
MC charge misidentification rate. Good agreement between
data and MC is found in 2016, while the charge misidenti-
fication rate in simulation corresponding to 2017 and 2018
data needs to be scaled up by a factor of 1.4. Muon charge
misidentification arises from a relatively large uncertainty in
the transverse momentum at high momentum or from a poor
quality track. The various criteria applied in this analysis on
the quality of the muon reconstruction lead to a misidentifi-
cation rate at least one order of magnitude smaller than for
electrons according to simulation. The muon charge misas-
signment has also been studied using cosmic ray muons with
pt up to several hundred GeV, confirming the predictions
from simulation [72]. It is therefore neglected. Correction
factors are however applied to the simulation to account for
a possible difference in the selection efficiency related to
these criteria.

@ Springer

6 Systematic uncertainties

The predicted yields of signal and background processes are
affected by several sources of uncertainty, summarized in
Table 8. Depending on their source, they are treated as fully
correlated or uncorrelated between the three years of data
taking. Signal and background contributions estimated from
simulation are affected by experimental uncertainties in the
efficiency of the trigger, lepton reconstruction and identifica-
tion [64,73], the efficiency of b tagging [69], the jet energy
scale [67], the integrated luminosity [74—76]. An uncertainty
is also assigned to the value of the inelastic cross section,
which affects the pileup rate [77] and that can impact the
description of the jet multiplicity or the pﬂ‘}iss resolution. Sim-
ulation is also affected by theoretical uncertainties, which are
evaluated by varying the factorization and renormalization
scales up and down by a factor of two, and by using different
PDFs within the NNPDF3.0 and 3.1 PDF sets [35,36,78].
These uncertainties can affect both the overall yield (nor-
malization) and the relative population (shape) across the
SRs. Background normalization uncertainties are increased
to 30%, either to account for the additional hadronic activity
required (for WZ and WiWi) or to take into consideration
recent measurements (for ttW, ttZ) [79,80]. The Rare and
Xybackgrounds, which are less well understood experimen-
tally and theoretically, are assigned a 50% uncertainty.

To account for possible mismodeling of the flavor of addi-
tional 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. [81].

As discussed in Sect. 5, the nonprompt lepton and charge
misidentification backgrounds are estimated from CRs. The
associated uncertainties include the statistical uncertainties
in the CR yields, as well as the systematic uncertainties in the
extrapolations from the CRs to the SRs, as described below.
In the case of the nonprompt lepton background, we include
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Fig. 7 Exclusion regions at 95% CL in the m 70 Versus mg plane for

1
the T1tttt (upper left) and T5ttbbWW (upper right) models, with oft-
shell third-generation squarks, and the T5tttt (lower left) and T5ttcc
(lower right) models, with on-shell third-generation squarks. For the

T5ttbbWW model, Mgs = Mg + 5GeV, for the T5tttt model,
m; — mi? = my, and for the T5ttcc model, m; — mi? = 20GeV
and the decay proceeds through t — ¢ )Z{) The right-hand side color

a 30% uncertainty from studies of the closure of the method
in simulation. Furthermore, the uncertainty in the measure-
ment of the tight-to-loose ratio, because of the prompt lepton
contamination, results in a 1-30% additional uncertainty in
the background yields. The charge misidentification back-
ground is assigned a 20% uncertainty based on a comparison
of the kinematic properties of simulated and data events in

T

[ I IR IR
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m; (GeV)

P AR Y

|
w

scale indicates 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 approximate-NNLO+NNLL cross sec-
tions [46-51,58] (thick line), or their variations of 1 standard devia-
tions (s.d.) (thin lines). The dashed red curves show the expected limits
with the corresponding +1 s.d. and £2 s.d. uncertainties. Excluded
regions are to the left and below the limit curves

the Z — e*e™ CR with one electron or positron having a
misidentified charge.

In general, the systematic uncertainties with the largest
impact on the expected limits defined below are related to
the lepton identification and isolation scale factors, the cross
section of the rare processes, and the WZ background nor-
malization.
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7 Results and interpretation

The distributions of the variables used to define the SRs after
the event selection are shown in Fig. 4. Background yields
shown as stacked histograms in Figs. 4, 5, and 6 are those
determined following the prescriptions detailed in Sect. 5.
The overall data yields exceed expectation by an amount
close to the systematic uncertainty. However, no particular
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trend that is not covered by the uncertainties discussed in the
previous sections, is seen in the distributions. The signifi-
cance of the excess is of similar magnitude in all categories,
with a maximum of around 2 standard deviations (s.d.) in the
off-Z ML category.

The results of the search, broken down by SR, are pre-
sented in Figs. 5 and 6, and are summarized in Table 9. No
significant deviation with respect to the SM background pre-
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diction is observed. The largest excess of events found by
fitting the data with the background-only hypothesis is in
HH SR54, corresponding to a local significance of 2.6 s.d.
Its neighboring bin, HH SRS55, which is adjacent along the
Hr dimension, has a deficit of events in the data correspond-
ing to a significance of 1.8 s.d.

These results are then interpreted as experimental con-
straints on the cross sections for the signal models discussed
in Sect. 2. For each model, event yields in all SRs are used
to obtain exclusion limits on the production cross section at
95% confidence level (CL) with an asymptotic formulation of
the modified frequentist CL; criterion [82—85], where uncer-
tainties are incorporated as nuisance parameters and profiled
[84]. This procedure takes advantage of the differences in the
distribution of events amongst the SR between the various
SM backgrounds and the signal considered. The normaliza-
tions of the various backgrounds are in particular allowed to
float within their uncertainties in the global fit, resulting in
several backgrounds (nonprompt lepton, ttW/Z/H and rare
processes) being pulled up by around 1 s.d. for most of the
signal points considered, which are often characterized by a
distinctive distribution of events across the SRs. This obser-
vation is consistent with the current measurements of ttW and
ttZ processes performed by the ATLAS and CMS Collabora-
tions [79,80]. The limits obtained are then used together with
the theoretical cross section calculations to exclude regions
of SUSY parameter space.

Figure 7 shows observed and expected exclusion limits for
simplified models of gluino pair production with each gluino
decaying to off- or on-shell third-generation squarks. These
models were introduced in Sect. 2 and denoted as Tltttt,
T5ttbbWW, T5tttt, and TSttcc. Similarly, Figs. 8 and 9 show

The observed and expected exclusions on the gluino mass
are similar and reach 2.1 and 1.7 TeV for the T1qqqqL and
T1tbs models, respectively.

The analysis sensitivity for the various models studied in
Figs. 7, 8,9, 10 and 11 is often driven by the event yields in
a few SRs (off-Z ML21, HH53 and HH52), where a slight
excess of data is observed. This in particular applies to the
uncompressed mass regime, resulting in an observed limit
weaker than the expected one by one or two s.d. In the
compressed mass regime, however, other SRs can become
dominant, for example when the hadronic activity becomes
limited. This happens in the T5qqqqWZ and T5qqqqWW
models where the gluino and the lightest neutralino present
a limited mass splitting (the region close to the diagonal in
the left plots of Figs. 8, 9). In those scenarios the on-Z ML4
and HH3 SRs provide the best sensitivity, respectively. Addi-
tionally, if the intermediate chargino is nearly degenerate in
mass with the lightest neutralino, both leptons become soft
and LL SRs such as LL2 become relevant. Such a situation
is encountered in the phase space region close to the diago-
nal in the right plots of Figs. 8 and 9. On-Z SRs (especially
on-Z ML23) become important for models where an on-shell
Z boson is produced (bottom plot in Fig. 11). The limits on
the RPV models presented in Fig. 12 are mostly driven by
another set of SRs (HH62 and LM11, the latter becoming
more relevant for lower masses).

Compared to the previous versions of the analysis [24,25],
the limits for the RPC models extend the gluino and squark
mass observed and expected exclusions by up to 200 GeV
because of the increase in the integrated luminosity and
the corresponding re-optimization of SR definitions. These
results also complement searches for gluino pair production
conducted by CMS in final states with O or 1 lepton [86-88].
For the Tttt scenario, the expected sensitivity of this anal-
ysis suffers from a lower branching fraction that makes it
uncompetitive in the uncompressed mass regime. However,
for a nearly degenerate mass spectrum, the SM background
becomes of higher importance and the presence of an SS
lepton pair significantly reduces it, leading to a similar sen-
sitivity. The constraints on the two RPV models that were
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Fig. 11 Exclusion regions at 95% CL in the plane of m(ty) versus m(ty) for the T6ttHZ model with m(ty) — m( )??) = 175GeV. The three
exclusions represent B(t) — t1Z) of 0, 50, and 100%, respectively. The notations are as in Fig. 7

not previously included demonstrate the sensitivity of the
analysis to RPV scenarios. The final state is particularly well
suited to study the T1qqqqL model since no leptonic branch-
ing fraction penalty applies, resulting in exclusion limits on
the gluino mass beyond 2.1 TeV, comparable to other results
in fully hadronic final states [87,88]. The limits obtained on
the T1tbs model are stronger than those previously obtained
in the one-lepton channel based on the analysis of the 2016
dataset [89]. They are expected to remain competitive after
an update with the full Run 2 dataset.

@ Springer

Model-independent limits are also set on the product of
cross section, branching fraction, detector acceptance, and
reconstruction efficiency, for the production of an SS lepton
pair with at least two extra jets and Ht > 300 GeV. For
this purpose, we select events from the HH and LM cate-
gories and calculate limits as a function of minimum prT“iSS
or Ht requirements starting at 300 and 1400 GeV, respec-
tively. In order to remove the overlap between the two con-
ditions, events selected for the Ht scan must also satisfy
prTniss < 300 GeV. The corresponding limits are presented in
Fig. 13.
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Finally, in order to facilitate reinterpretations of our
results, we present in Table 10 the expected and observed
yields for a number of inclusive SRs. This procedure focuses
on events with large Hr, p’TniSS, Ny, and/or Nies, and the SRs
are defined such that they typically lead to 5 to 10 expected
background events. The last column in the table indicates the
upper limit at 95% CL on the number of BSM events in each
SR.

8 Summary

A sample of events with two same-sign or at least three
charged leptons (electrons or muons) produced in associa-
tion 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
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Table 10 Inclusive SR definitions, expected background yields and
uncertainties, and observed yields, as well as the observed 95% CL
upper limits on the number of BSM events contributing to each region.

No uncertainty in the signal acceptance is assumed in calculating these
limits. A dash (—) indicates that a particular selection is not required

SR Category Niess Ny Hr (GeV) PSS (GeV) miin (GeV) SM expected Obs. NP (95% CL)
ISR1 HH >2 0 >1000 >250 - 127+7.4 16 12.32
ISR2 >2 >2 >1100 - - 11.0 £ 3.8 14 11.33
ISR3 >2 0 - >500 - 10.4 £9.7 13 11.26
ISR4 >2 >2 - >300 - 11.4+3.8 17 14.22
ISR5 >2 0 - >250 >120 6.6+5.7 10 10.77
ISR6 >2 >2 - >200 >120 63+1.3 8 8.22
ISR7 >8 - - - - 7.04+2.8 12 12.17
ISR8 >6 - - - >120 62+ 1.4 10 10.45
ISR9 >2 >3 >800 - - 78435 8 7.53
ISR10 LL >2 - >700 - - 10.4 £9.0 12 10.37
ISR11 >2 - - >200 - 12.1£5.6 13 9.94
ISR12 >6 - - - - 714423 7 7.10
ISR13 >2 >3 - - - 1.61 £0.39 3 5.70
ISR14 LM >2 0 >1200 <50 - 3.6+3.6 3 5.10
ISR15 >2 >2 >1000 <50 - 2344051 4 6.41
ISR16 ML >2 0 >1000 >300 - 56+1.6 7 7.78
ISR17 >2 >2 >1000 - - 57419 7 7.62

the standard model. The data are found to be consistent
with the standard model expectations. The results are inter-
preted as limits on cross sections at 95% confidence level
for the production of new particles in simplified supersym-
metric models, considering both R parity conserving and
violating scenarios. Using calculations for these cross sec-
tions as functions of particle masses, the limits are trans-
lated into lower mass limits that are as large as 2.1 TeV for
gluinos and 0.9 TeV for top and bottom squarks, depending
on the details of the model. The results extend the gluino
and squark mass observed and expected exclusions by up to
200 GeV, compared to the previous versions of this analy-
sis. Finally, to facilitate further interpretations of the search,
model-independent limits are provided as a function of the
missing transverse momentum and the scalar sum of jet trans-
verse momenta in an event, together with the background pre-
diction and data yields in a set of simplified signal regions.
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Appendix A: Extended results
Tables 11, 12, 13, 14, 15 and 16, corresponding to Figs. 5

and 6, show background predictions per process within each
signal region.

@ Springer


https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=6032&filename=CMSDataPolicyV1.2.pdf&version=2
https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=6032&filename=CMSDataPolicyV1.2.pdf&version=2
https://cms-docdb.cern.ch/cgi-bin/PublicDocDB/RetrieveFile?docid=6032&filename=CMSDataPolicyV1.2.pdf&version=2
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

(2020) 80:752

Eur. Phys. J. C

752 Page 20 of 43

9 S'1F69 ¢6'0F¢6°0 20'0F81°0 9’ 0F01°1 90°0FSI°0 €0'0FL0°0 20'0F90°0 0€°0F91°1 LT'0F95°0 78 0F¥LT €4S
L €1F99 6L 0F¥6'0 90'0F8%°0 SI'0FLEO €COFLY O €0°0F80°0 90'0F0C0 1T°0F08°0 SI'0FLSO 08°0F89C 0¢dsS
6 CTFY ol SIFCTT 70'0F6£°0 LTO0FS90 60°0F91°0 €0'0F10°0 90°0F91°0 1T0F6L°0 8I'0FI19°0 SIF¥'S 6TdS
8¢ 6'vFI1°0¢ EEFIL CI0F90°L VIFEe 07" 0FS6°0 Y0'0FC10 10'0F200 9'1F09 I'IF9°¢ I'CFyL 8CUS
6% VeFyee 8TFY'S 11°0F96°0 9IF6'¢ 6V 0F10°1 €0°0FS0°0 90'0FS1°0 9'1F09 I'IFLE 9eFCT LTES
61 YTy Il LTFLT STOFVIT CTOFESO SE0F9L0 10°'0F20°0 20'0F200 ¥€0F6T 1 8C'0F68°0 CIFIY 92dS
cl 6'CFESI L1F6'1 STOF8IT €€'0F6L0 SE'0F09°0 - £0°'0F60°0 ce0Fo6lI'L 0€'0FSO'1 TTFSL Y2
LL1 SCFLY1 SIFLT 9 1F9°¢l TEFSL 9eFr'o STO0FS80 SE0FOII Y vF+891 TYF8YI 91F6¢S yTds
1493 ePFCLT 1€F19 §'9F6'9¢ L'€F88 £o6FVYTC LT'0F6S°0 1S°0F29'1 09FCce 6'6FS0¢ CCFLL £CdS
Ll I'¢F1°01 CIFC SO0'0F6v'0 SS0FO0E'1 61°0FCr 0 60'0F0€0 90'0F91°0 ST0F00'1 CTOFSLO EIFST [44:
Ll LTFTO 6'1F6'1 YI'0FLTL ST0F650 0€°0F€S0 81'0FC9°0 el'0FLTO SI'0F6S5°0 0T°0F89°0 YL 0F99C [
4! 6'CFETC CIFC cLOFLI'T 1€°0FCL0 LTFLT 61'0F99°0 LT'0OFS0 S1'0F09°0 CCO0FILO ViFov 0cds
Cl §TF901 S1F6C 20'0F0C0 1€0FELO SIF91 Y0'0F¥1°0 Y0'0F¥1°0 CE0FYTL STO0FLY80 8L'0FILT 61dS
el 9eFEYI I'eF0y 11T°0F56°0 6€°0F¥6'0 6¢€0F9L0 9T'0F¥S0 1T0FCL0 €e’0F0e’1 1€°0FS0'1 CIFILY 84S
6C CT9FS9C Irefov 01'0F68°0 0L 0FPL1 geFee LS0F96°1 £5°0F98°'1 SE0F8E] SEOFICTI LTFE6 LTES
8% 9'8F6°LE 6 LFV Y1 cl'0F8I1 I'IFLe 1¥'0F98°0 01'0F¢s€0 IT°0FSE0 9'1FC9 CIFOY CTF8L 91dS
89 98FLCY OLFICl el'0FoI'1 VIFSE Ce0FLY0 0T0FL90 SLI'OF¥¥0 9'IF¥'9 CIFOY 6'eF6'El SIdS
9¢ V' LF89C 6'9FY'6 LY OFSIY r0FE0L LSOFSO'1 eI'0FIC0 61°0F¥S0 1S°0F96°1 96 0F¢6'1 8'1FS9 148
ov S6FE9¢ £8F9°01 P 0F16'C YSOFSEl 06°0F<r'l 6C0FLLO P OFys'l IS0FLO'] 96 0F96°1 9 eF8CI AR
8¢ 18F01¢ 9LF6TI STFLIT L9FE91 [TF¥C LYF86I 6'cFCYl L'SFETT 09FCIC CCF08 [48:
SITIL 0LTFOv6 0LTF0ES 01+F68 ClF0¢ [¢F61 EeFeIIl £'8F8°6C C6F0°SE 86F91¢e LEFOEL [TdS
Il 6'1F9°6 Y8 0F19°1 80°0F99°0 89°0F99°1 <0'0F200 C80FILT LT0F66'0 LOOFLTO LO0F9C0 OFSY'l 0rds
0¢ 6'cFS 6l VeFoe YS0F6S Y 0S0FLI'T 0C¢F0C eIFCY LLOFO6LT S0'0F0C0 60'0FLTO 6C0F00°1 6dS
€€ ['SF6'CC 0CFIC 8V 0FSIY [8°0F¢€8'I 9C¢F9C 0CF69 68°0F01'¢ 90'0F+C0 60'0FLCO 8Y'0FLI'1 84S
L 8'IFSS [S'0FI18°0 10°0F80°0 8L'0FEY0 CIFC €C0F¥80 61°0F290 60°0F8¢0 LO0F9C0 9C0F160 LdS
e ['LFSTE £eF09 LOOFI9°0 0'1F97¢ £6F9'8 9IFTS 0CFL9 SI'OFLSO Y1'0F6¥°0 67 0FY9'1 9dS
€S 6'6FL'LS V'Foey 90'0F050 0CF8Y LYFS'S I'9F1'1¢ VyF6'Sl1 clI'oF6v0 Y1'0F8¥°0 I'Fov Gds
129 ¢'8FS6¢ L'LFYTl CT0FI0T 8 IFEY €C'0F0S°0 EIFry I'+ov 98'0FSY'e LYOFPET 8'1FC9 12N
8¢CI SCF001 1¢F9¢ 9 IF0VI L'EF88 ELFEL 8eF0¢l 9'6F86l woFY9l I7'0F97°1 ECFI8 €ds
€59 £6FC8S 09F¥6 6'¢FoVE 91F8¢ 0v+98 OrFI91 YEFYCI 0CFLL CTTFLL 1'8+6°8¢ 2N
€L91 00€F09S1 09CF09¥% 91F9¢1 erFS01 0CIF00¢ LEFOTI L6F67E SEFLEL I'vF19v1 SIFES das
Bleq pa10adxo NS -doy 3dwoiduoN ‘prsiw 931ey) ey A+X MM ZM H» n MB

uor3a1 renonied € 0) 9INQLIFUOD J0U Op IO *[()°() UBY} JS[[BUWIS UONNJLIIUOD € JABY ,—,, SB UMOYS SP[IIX "SUOISAI [ UI SP[AIA JUdAq [T d[qeL

pringer

Qs



752

Page 21 of 43

(2020) 80:752

Eur. Phys. J. C

9LES 088F0991 0vLF09¥71 evF601 0S1F08¢C 0SCFOPrs 0CIF0Cy 091F009 YrF081 0v+8¢S1 081F019 [eI0L
0 96 0FS¢EL e’ 0Fer0 00°0F20°0 60°0FCC0 10°0F10°0 10°0F¢€0°0 10°0F¥0°0 SO'0FVI0 20'0FS00 CI'OFIV0 9dS
S 07" 0F88°L Y1'0F61°0 00°0F¢€0°0 0T°0F0s0 - £0°0F60°0 S0'0F80°0 90°0F0C°0 ¥0'0FC10 1T0FS9°0 199S
S P 0FE8’] 90°0F90°0 00'0F+0°0 6C0FLY0 20'0F€00 10°0F10°0 - 60°0F€C0 ¥0'0F80°0 8I'0FI9°0 09dS
C €S0FYCT IT°0OFIT°0 [10°0F€1°0 CI'0FLTO - IT°0FLEO 90°0FS1°0 90'0F91°0 20'0F90°0 Se'0F66'0 65dS
9 0'1F0¥ 8¥'0F8¥°0 00FEl0 1€°0F0L0 - SI'OFLY O SO'0FYI0 60°0F0¢0 SO'0FLIO 96 0FS9'l 86US
9 I'IFLS €L'0F68°0 €0'0F¢C0 6C0FILO 20°0F¥0°0 SI'OFLY O 01°0F62°0 91°0F¢€S0 e'0F8Y°0 65 0F¥0°C LSYES
9 86°0F¥v vy LI'0FCT0 00F8I1°0 LOOFLIO Ye0Fre0 CL'OFIT'C €1'0F6£0 C0'0FL00 10°0F+0°0 91'0FLSO 9¢dS
14 VIFEL £€'0FeL0 ¥0'0FS€0 YT 0F8S0 £0°'0F€0°0 I'IF0v €C0F8L0 Y0'0FCI°0 SO'0FSI0 8C0F66'0 oS
e 8'1F86 cI'oF6c0 SO'0F9Y0 LT0FE90 8¢°0FS9°0 VIF9Y 6C0FS6'0 LO0FETO 60°0F9C0 €S 0FCLT 123
C 77 0F'0 - 10°0F10°0 ¥0°'0F80°0 - €0'0F¢€00 - £0'0F90°0 ¥0'0FS0°0 60°0F0C0 €SS
14 6C0FICT S0'0F<0°0 - 80°0F0C°0 10°0F20°0 SO'0FSI0 60°0F¢C0 20'0FS0°0 20'0F90°0 CIoFSy o 42N
14 6L 0FCLE 8¢ 0F0¥0 10°0F80°0 YE€'0F6L0 10°0F20°0 90'0FS1°0 LO0F0T0 SI'OFLSO Y1'0FSE0 8€0FOI'L 164S
el I'I+¢9 1€°0FCL0 10°0F60°0 SYOFILT €0°0F90°0 €C0FCLO croFero SI'OF¥S0 01°0F0¢0 6L 0FLS'T 05dS
€ 6¥'0F90°C €0°'0F€0°0 00'0F+0°0 LT'0OFPE0 10°0F200 EL0FIVO €C0F9°0 20'0F80°0 Y0'0F€10 1T°0FLEO 67dS
Il 6'CFE 01 91'0F0T0 10°0FS0°0 8L'0F¥¥0 8 1F8'1 VIFLY 9 0F¥9'1 20'0FS00 ¥0'0FC10 07" 0FLT L 87dS
e 8'EFELI ¥1F0C L0'0F99°0 C90FIST 6'1F6'1 88°0FC6'C 78 0F¥0°¢ €C0F6°0 8C0F¥8°0 0'IFS¢ LYdS
6S L'6F8'LY 0'CFET LO'0FI9°0 SIFS¢ 8'9F6'9 EYFLYI £TFER €C0FI16°0 9T 0F¢€6'0 8'CTF96 9 dS
I €S0FILO - 10°0F10°0 SI'0F9¢0 ¥0'0F+0°0 - £0°'0F€0°0 €0°'0FL00 ¥0'0F¥0°0 80°0F91°0 82N
I LTOFYLO ¥0'0F+0°0 00°0F+0°0 91'0F6¢0 10°0F200 - - 20'0F80°0 10°0F€0°0 Y0 0F¥1°0 yrds
I 09°0FL90 ¥0°0F+0°0 10°0F+0°0 90'0F¥1°0 croFelo - - 20'0FL00 ¥0'0F¥0°0 60'0FICT0 evdsS
0 6¥'0F€£9°0 - 10°0F+0°0 LO'OFLLO 20°0F200 - - €0°'0F80°0 S0'0F80°0 60'0F¥C0 [42:
C ce0F0I'L - C00F¥I0 SO'0FEL0 ¥0°0FL0°0 - - S0'0F91°0 Y0'0F¥1°0 P1°0F97°0 [82:
Il L'1F9'8 L90F9C'1 €0'0FI1T0 CIFIe LT'0F9¢0 - - 9¢'0F6C'L 8C'0FC80 6V 0F¥S'1 0rds
6 1'¢F9°6 'IFLT 20'0F0C0 VIFye 60'0FCC0 - 10°0F200 €e0FoI'1 1T0FS9°0 §9°0F91°C 6¢dS
S e1F0°L 08°0FLI'L LO'0F95°0 07" 0FL6'0 LTOF8E0 - 10°0F10°0 0€0FLOL 9T 0F680 8S°0F¢€6'1 8¢US
L 6'1FV'6 €1F07C 90'0FSS0 o OFE0’l LT'0F0¥0 10°0F20°0 - 1E0FITT 0€'0F86°0 0'IF¢e LEIS
Il 0CFL'S 8'1F6C IT°0FL6°0 1T0F610 8CTOF8Y0 - - Ye0FCTL YT 0F080 GG 0FER'] 9¢dS
91 S1+88 86°0FSL'1 I11T°0F56°0 STOFLSO CTOFLTO - - ce’0Fol’l 9T 0F¢£80 S6'0FSTE Seds
01 £ 1+89 86°0F8S0 Y0'0F¢€€0 9 0FCI'l 01'0F¥C0 £0°0F80°0 00°0F20°0 1T0F18°0 0T0FLY0 06'0FL6C yeds
L 9IFI1'9 EIFLT 90'0F5S0 el'0FIE0 CrOFYTo 10°0F10°0 - S1'0F8S°0 81'0F65°0 09°0F60°C £eds
14! I'IF6°S 01'0F01°0 90°0F¢S0 91'0F8¢0 LT'0FSE0 C0'0F<00 - CI'OFLYO 81°0F09°0 96'0F1t'¢ [42:
Bleq paroadxa NS *doy ydwoxduoN ‘prsiw 9318y ey A+x MM ZM H» 7 AP

penunuod Yy AqeL

pringer

As



(2020) 80:752

Eur. Phys. J. C

752 Page 22 of 43

C CIFOY CIF6'1 C0'0FSI0 90'0F91°0 80°0FLI0 10°0F10°0 ¥0'0F60°0 01°0FLE0 60'0FLTO S§T0F¢€8°0 yTds
I EIFLY 0'IFS'1 10°0F2CI°0 LO'0FO1°0 60'0FICT0 ¥0'0F60°0 20'0FS00 I1T°0FCr0 80°0FIC0 96°0F96'L £CdsS
61 0 eFI91 STFEL €0°'0F€C0 8€'0FS6°0 6V 0F10'1 - - 8 O0FSIe I70FIv'L LS0F90°C [44:
8¢C 8'¢F86l TTFS9 €0°'0FSC0 0S°0F¢T'L 6'1FSC €0'0FIT0 - B 0FEle LY'0F69°'1 CIFry |12
14 I'i+ce I'I+8'1 10°0F€1°0 ¥0'0F60°0 SO'0FCI0 20'0F€00 £0'0FS0°0 LO'0F9T0 YO'0FI10 LT'0F8S0 0cds
14 06'0FCCC 69°0FL80 10°0F€1°0 £0'0F<S0°0 ¥0°0F+0°0 - - LO'0F8C0 ¥0'0FC10 YC0FCLO 61dS
Y01 S1F98 clFey 8C0FPe'e 00" IF0¥'C 9CFY9 80°0F¥C0 SI'0FES0 I'¢cF6'L 8'1FC9 8VF891 81dS
09¢ e 6¢Feel I'¢F6'LL 9IF6'¢ L'9F9°61 ¥0'0F60°0 1T0F89°0 'eEFLTL 0°¢F¢ 0l CT8F6'8C LTES
[4 e1F67T CTIFYL 10°0F¢€0°0 LOOFPIO - ¢0'0F200 90°0F90°0 60°0F¥E0 80°0FLI0 [T°0F0€0 91dS
L 0'CF8C 9 1F9°1 10°0F¢€0°0 80°0FSI°0 £0°'0F¢0°0 ¥0'0F+0°0 - 60°0F0¢0 0I'0F01°0 €C’0FC9°0 SIdS
94 6'6F8°6C SCF6°Cl1 SO'0FSY0 ST0F650 €C0FISO 9C°0F06°0 eeOFvIl 0€0F91°1 ST0F88°0 eIFeY 148
6¢ V8F0°¢ee T8F0VC ¥0'0FCe0 8€0FC60 P OFrIL 20'0F90°0 90°0F01°0 I8°0F8I'E IV 0FLET 8G°0FS6'1 AR
6y coFlIy 0'6F¢0¢ £0'0F6C°0 YE0FS80 98°0F8¢S'1 01°0F<C0 £0°'0F80°0 80FETE 8€0F9C1 CIFCY [48:
6 9 1F¥'9 9IFCY 20°0F0C0 60'0FICT0 60°0FLI0 C0'0F<00 SO0'0FCI0 [T°0FI¥°0 80°0F€C0 SCOFI80 [TdS
8 £CFI6 I'¢FSS €00F€C0 [1°0F¢C0 6C0F¥9°0 SO'0F91°0 90°0F91°0 60°0FS€0 80°0FLCO 8¥'0FS9'1 0rds
0ce [LF66C 0LFCET [S0FESY 6’1797 8'¢+88 CIFIY CIFYY §TF6'6 £TFC8 C9F0CC 6dS
el 08CF001L 1T 08¢+0¢6 6'CFY ST geFeel 91+9¢ 0'IF¥¢ 0vFovI LYyF081 LYFS9l1 cIF9¥ 84S
9 VIFLY VIFCe 00°0F20°0 y1'0FCe0 ¥0°0FL0°0 60°0F<C0 01°0F62°0 S0'0F61°0 S0'0F01°0 LO0FCT0 LdS
cl CTLFTTC §CFT8 20'0F61°0 C0F6v 0 LOFV'8 eV OFey'l 9L 0FELT 90'0F<CC0 LOOFITO 01'0F9¢0 9dS
e 0'9F86¢ 0'CFY6 10°0F01°0 9’ 0FCI'l L'EFTY ECF8L SIFSS 90'0F€C0 90'0F0C°0 eCO0FSIT Gds
143 1I'6F6°S¢ 1'6F6'9¢ 90'0F8%°0 0S°0FST1 €I'0F0e0 rOFSl yeoFol'l rOFLYT €C0FI80 S 0FS8'1 12N
6¢ 8'8F6'9C £SF091 €0'0F¥C0 6L°0F88'l ¥0°'0F¥0°0 89°0FvCC V' IF0°¢ 60'0F1E0 LO'0F0C0 8CT0FL60 €ds
LEE LO9F8YE 9FC61 €L 0FVS9 SYFEII SCFIY c1F9y 01F8¢ B0FITE 9L'0FE9C I'c+FTL [2:
€651 00€F06¢£1 06CF016 8'€F9¢e ITFIS LOFST1 y1Fotr LYF891 8 1F89 8'1FC9 6'vFSLI d4s
Bleq pa10adxo NS -doy 3dwoiduoN ‘prsiw 931ey) ey A+X MM ZM H» n MB

uorSar re[noned e 0) 9INQINUOD JOU OP IO [(°() UBY) JO[[EWS UONNQLIUOD B dARY , —,, SB UMOYS SP[ALX "SUOISQI TH UI SP[AIK JUAT T d[qeL

pringer

Qs



752

Page 23 of 43

(2020) 80:752

Eur. Phys. J. C

vy 029F0C8¢ 065F0t9C OIFL6 96FS01 0CIF0LT 9eF6CI YOF8YC 0CF¢€8 91F¢€9 ¢SF081 [el0L
S CL'0F9ET 0T 0FES O 10°0F60°0 80°0F61°0 I[S0FISO 01'0Fce0 SO'0F91°0 LOOFITO Y0'0FI1°0 LO'OFYCTO (32
6 0'IF6'v 18°0FLS'T 10°0F90°0 60'0FICT0 10°0F€00 9 0F6S'1 80°0FLCO SO'0FSI0 ¥0'0FC10 6C0FC6'0 [42:
0 8'¢F8¢E 7S 0F6L0 10°0F+0°0 90'0FI10 | CI'OFLIO S0'0F<S0°0 90'0F81°0 LO'OFCI0 ClI'0F¥Co [82: 8
L 0L°0F¢€8C eV’ 0FrS0 10°0FS0°0 €I'0F0¢0 - 0€0FI0°1 80°'0FII°0 SO'0F81°0 ¥0'0FS0°0 LT'0F09°0 0rds
0 L6'0FL60 65°0F65°0 - 20'0F¥0°0 - 90'0FL00 - 10°0F€0°0 20'0F200 80°0FICT0 6¢dS
0 0S°0F89°L SY'0F88°0 00°0F20°0 80°0F81°0 10'0F10°0 20'0F90°0 20'0F200 90'0F1T0 YO'0FI10 90°0F61°0 8¢US
14 LLOFSLT §9'0F96'0 00°0F20°0 60'0F61°0 10'0F10°0 01'0F¥€0 90'0F81°0 S0°'0F0C0 Y0'0F€10 1T0FILO LEIS
I €C0FLYO 60'0F60°0 - 80°0F80°0 - 90'0F90°0 01'0F01°0 - 20'0F200 SO'0FII0 9¢dS
S 6V 0FCI'C 60'0F60°0 - 80°0FSI°0 10°0F10°0 0€'0FS6°0 LI'0FSSO 10°0F€0°0 10°0F€0°0 60°0F0¢0 Seds
6 SIFSL CIFCE 10°0F11°0 Ce0FCLO S0'0F80°0 1T°0F0L°0 YEO0Fo6l1'1 80°0F0¢0 LO'OFYCTO LT0F660 yeds
€C I'vF161 6'1F¥'9 10°0FCI°0 69°0FC9'L 9I'0F91°0 V'IF0°¢ 9L'0F99°C 60°0F€C0 80°0FCL0 1L°0F1SC £edsS
€ 96 0FLLT 8¢0FE80 10°0FL0°0 YI'0FEC0 €0°'0F90°0 IT°0FIE0 LO'0F8I0 S0'0F61°0 20'0F90°0 YCOFELO [42:
14 LEOFCO'] 6C0FI80 10°0F60°0 ¥0'0F80°0 20'0FS0°0 SO'0FCI0 SO'0FSI0 YO'0FLIO 20'0FS00 CI'OFIV0 €4S
€ 6 0FST1 8I'0F8I°0 00°0F¢€0°0 CI'0F0¢0 10°0F200 - - 90'0F0C°0 SO'0FSI0 €1'0F9¢°0 0¢ds
I I'€F601 0'€F69 €0°'0FCC0 17'0F86°0 Y1I'0FE0 - - 1e0FCIl YIOFEr 0 8C0FC6'0 6CdS
I TTF6'8 0CFry C0'0F8I1°0 r0FCo’l 60'0FICT0 - - 1€0FvIT 0T°0F09°0 I7'0F9¢°1 8CUS
L STFY'8 STFRS £0°'0F8C0 80°0FLI0 CC0FESO - - LT°0F09°0 YI'OFLY O SI'0FES0 LIS
L V¢Fe8 TS €0'0FLTO 60'0FIC0 0T0F61°0 00'0F10°0 - LT'0OFI9°0 CIOFIVO 0€°0F20’L 9TdS
S I'IF0Y 86°0FCS'1 10°0FS0°0 el'0FIE0 60'0FICT0 - - SI'0FLSO 80°0F9C°0 YEOFITL 2N
Bleq paroadxa NS *doy ydwoxduoN ‘prsiw 9318y ey A+x MM ZM H» 7 AP

penunuod 7y dqeL

pringer

As



752  Page 24 of 43 Eur. Phys. J. C (2020) 80:752

«

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

tW ttZ ttH WZ WW X+y Rare Charge misid. Nonprompt lep. SM expected Data

SR1 0.34+0.10 0.2740.08 0.30+£0.08 1.934+0.57 2.27£0.66 0.41+0.28 0.384+0.17 0.06+0.01 17.0£7.2 23.04£7.2 29
SR2 0.10+£0.04 0.054+0.03 0.07+£0.02 0.93+0.31 0.86£0.25 0.03+0.01 0.374+0.16 — 2.6+1.5 5.0+1.6 6
SR3 1.00+0.27 0.904+0.26 1.03+£0.26 0.1940.06 0.14£0.04 0.14+0.14 0.3340.14 0.09+0.01 19.9+6.5 23.81+6.6 27
SR4 0.47+£0.14 0.114£0.03 0.28£0.07 0.05+0.02 0.08£0.02 0.09+0.04 0.1940.08 0.01£0.00 3.441.5 47+1.5

SR5 0.92+0.26 0.684+0.20 0.96+0.25 0.01+0.00 0.02£0.02 0.16+0.14 0.2840.12 0.09+0.01 4.8+1.8 8.0£1.9 15
SR6 0.33£0.13 0.144+0.07 0.21£0.06 - 0.04+0.04 0.034£0.03 0.05+0.02 0.0240.01 1.2+1.1 2.0£1.1

SR7 0.174+0.06 0.09+0.03 0.19£0.06 — - 0.12+0.05 0.2140.09 0.02+0.00 0.81+0.56 1.61+0.59

SR8 0.02+0.02 0.01+0.01 0.01£0.01 - - - - - - 0.06+0.06

Total 3.36+0.98 2.25+0.60 3.0440.80 3.09+0.82 3.424+0.96 0.79+£0.42 1.84+0.97 0.3040.03 50+13 68+13 87

Table 14 Event yields in on-Z ML regions. Yields shown as “~" have a contribution smaller than 0.01, or do not contribute to a particular region

tW tZ ttH WZ X+y Rare Nonprompt lep. ~ SM expected ~ Data
SR1 1.1240.30 46413 1.674+0.43 620+170 11.945.7 105442 54418 840+170 985
SR2 0.71+0.21 6.8+1.9 0.46+0.12 68+19 3.1£2.6 17.8+£7.3 9.94+4.6 107£21 136
SR3 0.18+0.05 8.5+2.4 0.23+0.06 95426 0.0240.01 11.74+4.8 3.2+1.8 119+27 146
SR4 0.17+0.06 1.994+0.54 0.17£0.04 5.84+1.6 0.03+0.01 2.1940.87 0.68+0.46 11.14+2.1 10
SRS 0.13+0.04 7.7+£2.2 0.25+0.06 831423 2.3+1.2 11.04+4.5 4.542.1 109+24 126
SR6 0.09+0.03 1.424+0.39 0.06+£0.02 13.6+3.8 0.74+0.61 2.5£1.0 0.93+0.69 19.34+4.1 24
SR7 0.10+0.03 2.554+0.73 0.09+0.02 35+10 0.09+0.04 3.7£1.6 0.8940.53 42410 47
SR8 0.11+0.03 0.45+0.15 0.04+0.01 2.02+0.67 - 0.61£0.25 0.25+0.18 3.474+0.84 3
SR9 5.6£1.6 140439 6.1£1.6 52+14 53124 72429 46417 327454 419
SR10 1.704+0.48 23.446.7 1.1840.31 7.6+2.1 0.2010.09 9.1£3.8 3.242.0 46.5+8.4 53
SRI11 0.614+0.17 25.947.5 0.984+0.25 11.04£3.0 0.2710.16 9.54£3.9 3.1+1.3 51.349.1 62
SR12 0.3040.08 7.5£2.1 0.3610.09 3.484+0.99 0.0440.02 29+1.2 0.954+0.67 15.64+2.8 27
SR13 48+1.4 89+25 45+1.2 3.7£1.0 2.174+0.90 22.449.0 49+1.9 131+£27 162
SR14 0.984+0.29 13.443.9 0.7610.20 0.6240.19 0.0940.03 2.8+1.1 1.2440.83 19.944.3 26
SR15 0.5440.16 20.34+5.8 0.914+0.24 0.9640.29 0.131+0.06 3.7+1.5 0.424+0.31 26.916.1 35
SR16 0.2540.08 5.2+1.6 0.3440.09 0.3840.12 0.05+0.02 1.174£0.48 0.384+0.38 7.8+1.8 12
SR17 0.1240.04 9.5+2.8 0.56+0.16 0.2440.07 0.0440.02 2.2240.90 1.25+0.98 14.0£3.1 19
SR18 0.5240.16 20.54+5.9 0.8440.22 44412 1.8+1.1 11.74+4.8 4.8+1.6 84+15 117
SR19 0.2040.06 3.8+1.1 0.2440.06 8.24+2.3 0.83+0.61 3.3+1.3 1.6610.84 18.24+3.3 26
SR20 0.3440.11 9.5+2.7 0.484+0.12 23.54+6.5 0.0110.01 5.3+2.2 1.34+0.66 40.4+7.6 34
SR21 0.3640.10 1.7540.51 0.1740.05 1.5240.48 0.01+0.01 0.8940.36 0.2340.10 4.9240.88 7
SR22 0.2840.09 7.0+2.0 0.2040.05 32.349.1 - 6.3£2.6 0.8740.34 46.9+9.9 50
SR23 0.3440.10 1.68+0.48 0.124+0.03 2.024+0.59 - 1.161+0.46 0.5040.50 5.8£1.2 10
Total 19.54+5.6 450+£110 20.8+5.0 11104280 20+12 3104160 145441 20904360 2536
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Table 15 Event yields in off-Z ML regions. Yields shown as “~” have a contribution smaller than 0.01, or do not contribute to a particular region

tW tZ ttH WZ X+y Rare Nonprompt lep. ~ SM expected ~ Data
SR1 8.84+2.5 11.243.2 7.0£1.8 87+24 18.84+9.5 22.049.0 68125 222436 285
SR2 0.15+0.07 0.15+0.08 0.10+0.03 1.23+0.50 0.02+0.02 0.43+0.22 0.61+0.61 2.7+1.7 2
SR3 2.38+0.69 2.074+0.59 1.601+0.42 13.6+3.8 0.26+0.11 4.241.7 11.3+4.9 35.5+6.4 34
SR4 0.18+0.06 0.14+0.04 0.08+0.02 0.24+0.11 - 0.22+0.12 0.13+0.13 0.99+0.31 2
SR5 1.11£0.31 1.6440.47 1.02+0.26 11.2+3.1 0.89+0.84 1.681+0.68 4.6+2.0 22.1+£4.0 29
SR6 0.91+0.25 0.64+0.19 0.59+0.15 47+1.4 0.05£0.02 1.05+0.44 1.76+0.80 9.7+1.7 8
SR7 26.8+7.5 29.74+8.5 21.945.7 7.04+2.0 6.94+3.3 11.3+4.7 113+41 217444 272
SR8 7.942.3 5.0£1.5 4.6+1.2 1.144+0.36 0.87£0.37 2.43+0.99 15.7£5.6 37.7+£6.8 56
SR9 3.8+1.1 5.3£1.5 3.474+0.89 0.82+0.26 0.86+£0.40 1.911+0.78 5.242.5 21.4+3.7 21
SR10 2.69+0.78 1.78+0.52 1.761+0.45 0.35+0.12 0.27+£0.11 1.07+0.45 2.9+1.4 10.9+1.9 18
SR11 22.1+6.4 19.5+5.7 16.1+4.3 0.44+0.13 6.44+2.6 5.142.1 19.41+6.6 89+14 112
SR12 5.0£1.5 2.9940.86 2.93+0.79 0.09+0.03 0.64£0.27 1.284+0.53 2.67+£0.94 15.6+2.4 20
SR13 3.224+0.96 4.24+1.2 3.214+0.84 0.12+0.05 0.56+£0.24 1.561+0.64 3.5+1.7 16.4+2.7 23
SR14 1.53+0.45 1.31+0.38 1.23+0.32 - 0.16£0.07 0.77£0.32 0.36+0.36 5.36+0.95 7
SR15 0.91+0.28 2.00+0.60 1.9440.54 0.03+0.01 0.26£0.11 2.6+1.1 1.27+0.83 9.0+1.6 12
SR16 4.6+1.4 4.6+1.3 3.3040.87 54415 1.9£1.1 34+14 5.3+1.7 28.4+3.9 46
SR17 0.13+0.06 0.18+0.07 0.05+0.02 0.19+0.19 - 0.16£0.11 - 0.72+0.41 2
SR18 3.7+1.1 2.2440.67 2.4240.66 3.8+1.1 0.154+0.07 3.1+1.3 2.4+1.1 17.84£2.8 25
SR19 0.25+0.09 0.18+0.05 0.07£0.02 0.10+0.03 - 0.26+£0.12 0.0440.04 0.8940.29 0
SR20 3.4+1.0 1.714£0.50 1.594+0.42 424+1.2 0.1240.05 3.1+1.3 3.6+2.0 17.74£3.3 31
SR21 0.2840.09 0.2140.06 0.0740.02 0.1640.07 - 0.3610.15 0.1240.12 1.2040.32 2
Total 100+29 97+24 75+£19 141136 38+£18 68436 262+73 780+£100 1007

Table 16 Event yields in LM regions. Yields shown as

“~" have a contribution smaller than 0.01, or do not contribute to a particular region

ttW tZ ttH WZ WW X+y Rare Charge misid. Nonprompt lep. SM expected Data
SR1 7.7+£2.1  2.86%+0.84 2.224+0.57 56+£15 53£15 38+19 125453 13.4+£1.5 51436 235447 309
SR2  1.69£0.50 1.06+0.30 1.124+0.28 1.99£0.56 1.80+0.53 3.5£2.3 1.14+0.53 0.70£0.08 6.3+4.3 19.3£5.2 26
SR3 23.0£6.4 8.6+25 7.1£19 59+1.7 55+1.6 148+7.7 6.1£2.6 6.97+£0.79 64437 142439 156
SR4  6.3+1.8  3.15+0.89 4.4=£1.1 0.34£0.09 0.25+0.10 1.2240.57 1.96£0.81 0.77+£0.09 13.8£8.2 32.2+8.8 38
SRS 17.6£5.0 6.1£1.7 5.6£1.5 048%£0.14 0.37£0.12 4.2+2.1 2.6£1.1 4.71+0.54 11.4£5.8 53.0£9.1 69
SR6 6.0+1.7 3.17+£091 4.2+1.1  0.10£0.04 0.12+0.04 1.05+0.45 2.00£0.83 0.68+0.08 4.84£3.0 22.0£4.0 30
SR7 2.37£0.71 1.19+0.36 1.424+0.40 0.08+0.03 — 0.61£0.36 2.08+0.86 0.5340.06 1.8+1.4 10.1£2.0 21
SR8  0.09£0.05 0.01+0.01 0.024+0.01 0.23£0.10 0.80+£0.22 — 0.04+0.02 0.06+£0.01 0.27£0.27 1.53+0.48
SR9  0.36+0.11 0.17£0.06 0.1140.03 0.12£0.04 0.1140.04 0.17£0.10 0.1940.08 0.03+0.00 0.32+0.30 1.58+0.41
SR10 0.16£0.08 0.04+0.03 0.014+0.01 0.25£0.17 0.77£0.27 1.3£1.3  0.10£0.10 0.06£0.02 0.16+0.16 29429
SRI11 0.44+£0.18 0.02+0.02 0.084+0.03 — 0.13£0.08 0.01£0.01 0.16%0.07 0.05£0.02 0.41£0.41 1.31£0.93 4
Total 66+19 26.3+6.6 26.2+6.5 65%17 62+18 65+32 29+16 27.9+3.0 154489 520+£110 657

@ Springer



752  Page 26 of 43

Eur. Phys. J. C (2020) 80:752

Appendix B: Top five SRs for several representative mod-

els

Table 17 presents the top five SRs for several repre-
sentative models, ranked based on the largest values of
Nsig. /v Nokg. + Nsig., where Ngio. and Npyg, are the signal
and total background yields in each SR, respectively.

Table 17 Top five SRs for several representative models, ranked based on the largest values of Nijg /+/ Nokg. + Nsig., where Ngjg and Ny, are the
signal and total background yields in each SR, respectively

Model Mass point Top SRs

Tltttt mg = 1400, myo = 400 off-Z ML21, HH53, HH52, HHS51, HH50
Tttt mg = 2000, myo = 100 HHS53, HHS2, off-Z ML21, HL39, HH49
Tttt mg = 1800, mzo = 100 HHS53, oft-Z ML21, HH52, HL39, HH51

Tttt mg = 1800, myo = 1000 off-Z ML21, HH53, HH52, HH51, HH50
Tttt mg = 1800, mzo = 1550 HHS53, HL39, oft-Z ML21, HH49, HH52
TOttWW mg, = 1000, mye = 600 off-Z ML21, HH53, HH51, HH50, HH52
TottWW mg =900, m iE = 400 off-Z ML21, HH51, HH50, HH53, off-Z ML20
TOttWW mg;, = 800, Mys = 400 off-Z ML21, HH51, HH50, HH34, off-Z ML20
T5qqqqWZ mg = 1400, myo = 1 on-Z ML23, HH53, HH52, HH51, HH49
T5qqqqWZ mg = 900, myo = 600 on-Z ML4, HH3, HH10, on-Z ML23, HH4
T5qqqqWW mg = 1400, myo = 1 HHS53, HH52, HH49, HH51, HH50
T5qqqqWW mg = 900, myo = 600 HH3, HH10, HH4, HH7, HH50

T5qqqqWZ (mz+ =m0 + 20 GeV)
T5qqqqWZ (m g+ =m0 + 20 GeV)
T5qqqqWW (mg+ =m0 420 GeV)
T5qqqqWW (my+ =m0 420 GeV)

T6UHZ (B(H — 12)=1)

T6ttHZ (Bt — 112)=0.5)

T6tHZ (B(t, — 1,2)=0)
TlqqqqL

TlqqqqL
Tl1tbs

Tltbs

mg = 1400, myo = 1

mg = 900, mzy = 600
mg = 1400, myo = 1

mg = 900, myy = 600
my, = 850, my = 625
my, = 850, my, = 625
my, = 850, m; = 625

mg = 1600
WI§ = 1200
WLQ = 1700

HHS59, HH53, HH52, HH62, HH51

LL2, LL1, LL4, HL39, HL37

HHS59, HH53, HH52, HH51, HH62

LL2, LL4, HL39, LL1, HL37

on-Z ML23, on-Z ML21, on-Z ML16, on-Z ML14, on-Z ML17
on-Z ML17, on-Z ML23, on-Z ML21, on-Z ML14, on-Z ML16
off-Z ML15, HH40, HH39, HH45, HH44

HH62, LM11, HH59, HH61, HH51

HH62, LM11, HH59, HH53, HH52

HH62, HH50, HH59, HH61, HH58

HH62, HH59, HH50, HH52, LM11
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