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A number of processes targeted 

Ø Examples  
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Figure 2: The diagrams for the simplified models of the direct pair production of staus and the direct production
of χ̃+1 χ̃
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1 studied in this article. All three generations are included

in the definition of ℓ̃/ν̃, except for the direct production of χ̃02χ̃
0
3 where only the first two generations are assumed.

The different decay modes are discussed in the text.

2.4. Phenomenological Minimal Supersymmetric Standard Model

The analysis results are interpreted in a pMSSM scenario. The masses of the sfermions, the gluino, and of
the CP-odd Higgs boson are set to high values (2 TeV, 2 TeV and 500 GeV respectively), thus decoupling
the production of these particles and allowing only the direct production of charginos and neutralinos
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Event selections based on low-momentum 
leptons, and also on the production in 
association with ISR jets to provide improved 
sensitivity to the compressed spectra scenarios  
 
Mostly useful in case of sleptons in the decay 
chain. The compressed spectra searches are 
less sensitive to scenarios where the χ ̃±1 /χ ̃02 
decay through SM W, Z or Higgs bosons, as the 
branching fraction to leptonic final states is 
significantly suppressed.  
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Selection table (1)  
Ø  Opposite-sign leptons analysis, relevant for chargino pair production. 

Where there is no pT cuts, the minimum pT is 7 GeV for electrons, 5 
GeV for muons 
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Table 6: The selection requirements for the opposite-sign, two-lepton signal and control regions, targeting χ̃+1 χ̃
−
1

production with small mass splittings between the χ̃±1 and LSP.

Common

Central light-flavor jets =1
Forward jets veto
MR
∆
[ GeV] > 20

SR2ℓ-1a SR2ℓ-1b CR2ℓ-Top CR2ℓ-WW CR2ℓ-ZV

ℓ flavor/sign ℓ±ℓ∓ ℓ±ℓ′∓ ℓ±ℓ∓ ℓ±ℓ′∓ ℓ±ℓ′∓ ℓ±ℓ′∓ ℓ±ℓ∓

Central b-tagged jets veto ≥ 1 veto veto
mSFOS [ GeV] veto 81.2–101.2 – – select 81.2–101.2
pℓℓT [ GeV] – – < 40 < 50 – > 70 > 70
pjetT [ GeV] > 80 > 80 > 60 > 80 – – –

R2 > 0.5 > 0.7 > 0.65 > 0.75 – – –
∆φβR [rad] > 2 > 2.5 > 2 > 2.5 – < 2 > 2

pcentral light jetT [ GeV] – – – – > 80 – –

8.1.2. Background determination

The SM background is dominated by WW diboson and top-quark production. The MC predictions for
these SM sources, in addition to contributions from ZV production, where V = W or Z, are normalized in
dedicated control regions for each background. The reducible background is estimated using the matrix
method as described in Section 6.2. Finally, contributions from remaining sources of SM background,
which include Higgs boson production and Z+jets, are small and are estimated from simulation. These
are collectively referred to as “Others”.

The top CR is defined using the DF sample in order to suppress events from SM Z boson production.
Events are required to have exactly one central light-flavor jet with pT > 80 GeV, no forward jet, and
MR
∆
> 20 GeV. At least one b-tagged jet is required to enrich the purity in top-quark production and ensure

orthogonality to the SRs. Figures 5(a) and 5(b) show the MR
∆
and ∆φβR distributions in this CR, respect-

ively. The estimated signal contamination in this CR is less than 1% for the signal models considered.

The WW CR is also defined using the DF sample. Events are required to have exactly one central light
jet, no forward jet or b-tagged jet, pℓℓT > 70 GeV, and M

R
∆
> 20 GeV. In order to ensure orthogonality

to the SRs, ∆φβR < 2 is required. Figure 5(c) shows the R2 distribution in this CR. The estimated signal
contamination in this CR is less than 20% for the signal models considered.

The ZV CR is defined using the SF samples, and by requiring exactly one central light jet, no forward jet or
b-tagged jet, pℓℓT > 70 GeV, ∆φ

β
R > 2 and M

R
∆
> 20 GeV. In order to increase the purity in ZV production,

events with invariant mass of the reconstructed SFOS pair within 10 GeV of the Z boson mass are used.
This requirement also ensures orthogonality to the SRs. Figure 5(d) shows the pℓℓT distribution in this CR.
The estimated signal contamination in this CR is less than 10% for the signal models considered.

A simultaneous likelihood fit to the top, WW and ZV CRs is performed to normalize the corresponding
background estimates to obtain yields in the SR (as described in Section 6). Table 6 summarizes the
definitions of the CRs, and Table 7 summarizes the numbers of observed and predicted events in these
CRs, data/MC normalizations, and CR compositions obtained from the simultaneous fit.

25

respectively, prior to the requirements on these variables. For illustration, the distributions are also shown
for two χ̃+1 χ̃

−
1 simplified models with ℓ̃L-mediated decays and different mass splittings.

Table 9: Observed and expected number of events in the opposite-sign two-lepton signal regions. The “Others”
background category includes Z+jets and SM Higgs boson production. The numbers of signal events are shown
for the χ̃+1 χ̃

−
1 simplified models with ℓ̃L-mediated decays and different χ̃

±
1 and χ̃

0
1 masses in GeV. The uncertainties

shown include both statistical and systematic components. Also shown are the model-independent limits calculated
from the opposite-sign two-lepton signal region observations: the one-sided p0 values; the expected and observed
upper limits at 95% CL on the number of beyond-the-SM events (S 95exp and S 95obs) for each signal region, calculated
using pseudoexperiments and the CLs prescription; the observed 95% CL upper limit on the signal cross-section
times efficiency (⟨ϵσ⟩95obs); and the CLb value for the background-only hypothesis.

SR SR2ℓ-1a SR2ℓ-1b

ℓ flavor/sign ℓ±ℓ∓ ℓ±ℓ′∓ ℓ±ℓ∓ ℓ±ℓ′∓

Expected background
WW 67 ± 27 12 ± 5 22 ± 9 5.7 ± 2.4
Top 69 ± 19 12 ± 4 21 ± 7 5.0 ± 2.0
ZV 7.3 ± 3.4 1.7 ± 0.8 2.4 ± 1.5 0.6 ± 0.4
Reducible 12 ± 6 5.8 ± 2.0 10 ± 4 2.8 ± 1.1
Others 18 ± 5 2.1 ± 1.3 9.4 ± 3.4 1.0 ± 0.7

Total 173 ± 23 34 ± 5 65 ± 9 15.0 ± 2.5

Observed events 153 24 73 8

Predicted signal
(mχ̃±1 ,mχ̃01 ) = (100, 35) 81 ± 16 25 ± 7 44 ± 8 14 ± 4
(mχ̃±1 ,mχ̃01 ) = (100, 80) 41 ± 10 23 ± 6 31 ± 7 18 ± 5

p0 0.50 0.50 0.26 0.50
S 95obs 35.7 9.3 30.8 5.6
S 95exp 46+18−12 15+6−4 25+10−7 9.4+4.2−2.8
⟨ϵσ⟩95obs[fb] 1.76 0.46 1.52 0.27
CLb 0.22 0.09 0.73 0.07
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Selection table (2) 
Ø  In case of chargino-neutralino pair production – expect up 

to 3 leptons. Selection used is for same-sign leptons (low SM 
background)  

Ø  Done with multivariate analysis, with or without ISR-jet 
signature 
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8.2. Searches with two same-sign light leptons

In compressed mass scenarios, one or more of the three leptons from χ̃±1 χ̃
0
2 production may have mo-

mentum too low to be reconstructed. Therefore, the search for χ̃±1 χ̃
0
2 production using two same-sign

leptons can complement the three-lepton search documented in Ref. [20] and extend the reach for small
mass splittings. The search for same-sign lepton pairs is preferable to opposite-sign pairs, due to the com-
paratively small SM background. A multivariate analysis technique is used here to discriminate between
signal and backgrounds.

8.2.1. Event selection

Events are selected using the basic reconstruction, object and event selection criteria described in Sec-
tion 5. In addition, if tagged light leptons form an SFOS pair with mSFOS < 12 GeV, both leptons in the
pair are rejected. Signal electrons with pT < 60 GeV have a tightened track (calorimeter) isolation of 7%
(13%) of the electron pT applied, whereas for electrons with pT > 60 GeV, a track isolation requirement
of 4.2 GeV (7.8 GeV) is used. For signal muons, the track (calorimeter) isolation requirement is tightened
to 6% (14%) of the muon pT for pT < 60 GeV, and 4.2 GeV (8.4 GeV) otherwise. The stricter lepton
isolation requirements are optimized to suppress the reducible SM backgrounds with semileptonically
decaying b/c-hadrons, which are an important background in this search.

Events must have exactly two light leptons with the same charge, e±e±, µ±µ± or e±µ± and satisfy the sym-
metric or asymmetric dilepton trigger criteria, as described in Section 5. Eight BDTs are independently
trained to define eight signal regions optimized for four mass splitting scenarios, m(χ̃02)-m(χ̃

0
1) = 20, 35,

65, 100 GeV, referred to as ∆M20, ∆M35, ∆M65 and ∆M100 respectively, each with and without the
presence of a central light jet with pT > 20 GeV, referred to as ISR and no-ISR. For the BDT training,
signal scenarios of χ̃±1 χ̃

0
2 production with ℓ̃L-mediated decays are used, where the slepton mass is set at

95% between the χ̃±1 and the χ̃
0
1 masses. Seven variables are considered as input for the BDT training

procedure: mT2, pℓℓT , E
miss,rel
T , HT, mlep1T , mlep2T and ∆φ(ℓ, ℓ). Three further variables are also considered

for the ISR signal regions: ∆φ(EmissT , jet1) and the ratios Emiss,relT /pjet1T and plep1T /p
jet1
T . These variables

exploit the kinematic properties of a compressed mass SUSY system, with and without a high-pT ISR jet.
The MC simulation samples are compared to data for these variables and their correlations to ensure that
they are modeled well.

For the training and testing of the BDT, the signal and background samples are split into two halves,
including those backgrounds estimated from data as described in Section 8.2.2. The eight signal region
definitions are shown in Table 10. Since the selection on the BDT output, tcut, is independent for each
SR, the overlap between SRs with looser and tighter selections is small.

Table 10: Same-sign, two-leptonMVA signal region BDT requirements, targeting χ̃±1 χ̃
0
2 production with small mass

splittings between the χ̃±1 /χ̃
0
2 and LSP. The selection on the BDT output, tcut, is independent for each SR.

Common ℓ±ℓ± pair, b-jet veto

SR ∆M20 SR ∆M35 SR ∆M65 SR ∆M100 VR

ISR tcut > 0.071 > 0.087 > 0.103 > 0.119 −0.049 − 0.051
no-ISR tcut > 0.071 > 0.087 > 0.135 > 0.135 −0.049 − 0.051
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Selection table (3): VBF selection 

Ø Used for very compressed scenarios 
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9. Same-sign chargino-pair production via vector-boson fusion

This section presents a search for the same-sign chargino-pair production via VBF with subsequent ℓ̃L-
mediated chargino decays into final states with two same-sign light leptons, at least two jets and EmissT .
Although the cross-section for VBF production is significantly lower than that for direct production, the
two additional jets in the event provide a means to separate the signal from the background for compressed
spectra scenarios, and complement the direct production searches that use low-momentum leptons and
ISR jets.

9.1. Event selection

Events are selected using the basic reconstruction, object and event selection criteria described in Sec-
tion 5. In addition, signal muons with pT < 15 GeV have tightened isolation requirements as in the three-
lepton analysis described in Section 8.3. A tighter isolation is needed for muons rather than electrons due
to the lower pT threshold for muons. The stringent lepton isolation suppresses the dominant reducible
background processes. Events are required to satisfy an EmissT trigger.

One signal region, SR2ℓ-2, is defined with exactly two same-sign light leptons, at least two jets (central
light or forward) and large missing transverse momentum EmissT > 120 GeV. In order to select events that
originate from VBF production, the highest-pT jet (jet 1) and the second highest-pT jet (jet 2) are required
to have large invariant mass, mj j > 350 GeV, be well separated in pseudorapidity, |∆η j j|> 1.6, and be in
opposite sides of the detector, ηjet 1 · ηjet 2 < 0. The last requirement greatly reduces the SM background
originating from non-VBF diboson and Higgs boson production. The residual SM background originating
from diboson and top-quark production is minimized by requiring the events to have no b-tagged jets,
moderate invariant mass of the two leptons (mℓℓ < 100 GeV), small stransverse mass (mT2 < 40 GeV)
and a high-pT jet (pjet 1T > 95 GeV). In addition, requirements are made on the ratios of the jet pT, EmissT ,
pj jT and p

ℓℓ
T . The SR definition is summarized in Table 19.

Table 19: The selection requirements for the same-sign, two-lepton VBF signal region, targeting χ̃±1 χ̃
±
1 production

via VBF with small mass splittings between the χ̃±1 and LSP.

SR2ℓ-2

ℓ flavor/sign ℓ±ℓ±, ℓ±ℓ′±
Jets ≥ 2

Central b-jets veto
EmissT [ GeV] > 120
mT2 [ GeV] < 40
mℓℓ [ GeV] < 100
pjet 1T [ GeV] > 95
mj j [ GeV] > 350
ηjet1 · ηjet2 < 0
|∆η j j| > 1.6
pℓℓT /E

miss
T < 0.4

pjet 1T /E
miss
T < 1.9

pℓℓT /p
j j
T < 0.35
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Figure 11: For events in the same-sign VBF signal region, the (a) mj j, (b) separation in η between the two leading
jets |∆η j j|, (c) EmissT , and (d) pℓ 2T in SR2ℓ-2. The “Others” background category includes tt̄V+tZ, VVV and SM
Higgs boson production. The uncertainty band includes both the statistical and systematic uncertainties on the SM
prediction. The last bin in each distribution includes the overflow.
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Ø Current limits 
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where the slepton mass is 5%, 25%, 50%, 75% and 95% of the χ̃±1 mass are studied for a massless χ̃
0
1,

and the limits are shown in Figure 13(a). For the majority of the χ̃±1 masses considered, the slepton mass
does not have a significant effect on the sensitivity and χ̃±1 masses are excluded up to ∼500 GeV. The
sensitivity is reduced for a very small mass splitting between the chargino and the slepton (x = 0.95),
as in this case leptons from the χ̃±1 → ν̃ℓ decays have low momentum, making these events difficult to
reconstruct in the two lepton final state.

Limits are also set in the χ̃+1 χ̃
−
1 scenario with ℓ̃L-mediated decays, with slepton masses set halfway

between the χ̃±1 and the χ̃
0
1 masses, where both the χ̃

±
1 and the χ̃

0
1 masses are varied. Figure 13(b) shows

the opposite-sign, two-lepton analysis presented in Section 8.1, which provides new sensitivity to com-
pressed scenarios for χ̃±1 masses below ∼220 GeV. The 2ℓ analysis in Ref. [19] continues to dominate the
sensitivity to scenarios with large mass splittings, excluding χ̃±1 masses up to ∼465 GeV.
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Figure 13: The 95% CL exclusion limits on χ̃+1 χ̃
−
1 productionwith ℓ̃L-mediated decays, (a) where the χ̃

0
1 is massless

and the intermediate slepton mass is set to 5%, 25%, 50%, 75% and 95% of the χ̃±1 mass, and (b) as a function of
the χ̃±1 and χ̃

0
1 masses, where the slepton mass is halfway between the χ̃

0
2 and χ̃

0
1 masses. The limits in (a) are set

using the 2ℓ analysis from Ref. [19], while the limits in (b) use the opposite-sign, two-lepton analysis from this
article. The limit from Ref. [19] is also shown in (b).

The same-sign, two-lepton VBF analysis described in Section 9 is used to set limits on VBF χ̃±1 χ̃
±
1 pro-

duction, where the χ̃±1 decays through sleptons. Figures 14(a) and 14(b) show the 95% CL upper limits on
the cross-section for m(χ̃±1 )= 110 GeV and m(χ̃

±
1 )= 120 GeV, as a function of the mass splitting between

the chargino and the neutralino. The best observed upper limit on the VBF χ̃±1 χ̃
±
1 production cross-section

is found for a χ̃±1 mass of 120 GeV and m(χ̃
±
1 ) − m(χ̃

0
1) = 25 GeV, where the theoretical cross-section at

LO is 4.33 fb and the excluded cross-section is 10.9 fb. The sensitivity is slightly stronger for higher χ̃±1
masses, since these scenarios were used for optimizing the signal selection.
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Figure 14: The 95% CL upper limit on the signal cross-section for VBF χ̃±1 χ̃
±
1 production for (a) m(χ̃

±
1 ) = 110 GeV

and (b) m(χ̃±1 ) = 120 GeV. The limits are set with respect to the mass difference between the χ̃
±
1 and χ̃

0
1, and use the

results from the same-sign, two-lepton VBF analysis.

10.3. Direct neutralino production

The combination of the three-lepton analysis in Ref. [20] and four-lepton analysis in Ref. [21] is used
to set limits on χ̃02χ̃

0
3 production with ℓ̃R-mediated decays, where the slepton mass is varied between

the χ̃02 and χ̃
0
1 masses. Scenarios where the slepton mass is 5%, 25%, 50%, 75% and 95% of the χ̃02

mass are studied for a massless χ̃01, and the limits are shown in Figure 15(a). For the majority of χ̃
0
2

masses considered, the slepton mass does not have a significant effect on the sensitivity and χ̃02 masses
are excluded up to ∼600 GeV. The sensitivity is reduced for a very small mass splitting between the χ̃02
and slepton (x = 0.95) as the lepton produced in the χ̃02 → ℓℓ̃R decay has low-momentum. The reduced
sensitivity is not seen for a very small mass splitting between the slepton and the LSP (x = 0.05) as the
lepton produced in the ℓ̃R → ℓχ̃

0
1 decay can carry some of the momentum of the slepton.

Limits are also set in the χ̃02χ̃
0
3 scenario with ℓ̃R-mediated decays, with slepton masses set halfway between

the χ̃02 and the χ̃
0
1 masses, where both the χ̃

0
2 and the χ̃

0
1 masses are varied. The combination of the three-

and four-lepton analysis is again used here and limits are shown in Figure 15(b), where χ̃02, χ̃
0
3 masses up

to 670 GeV are excluded, improving the previous limits by 30 GeV for χ̃01 masses below 200 GeV.

10.4. Direct neutralino–chargino production

The three-lepton analysis in Ref. [20] is used to reinterpret the limits on χ̃±1 χ̃
0
2 production decaying through

sleptons. Scenarios where the slepton mass is 5%, 25%, 50%, 75% and 95% of the χ̃±1 mass are studied
for a massless χ̃01. The limits on these variable slepton mass scenarios are shown in Figure 16. For the
majority of χ̃±1 masses considered, the slepton mass does not have a significant effect on the sensitivity
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Figure 16: The 95% CL upper cross-section limits on χ̃±1 χ̃
0
2 production with ℓ̃L-mediated decays, where the χ̃

0
1 is

massless and the intermediate slepton mass is set to 5%, 25%, 50%, 75%, and 95% of the χ̃±1 mass. The limits are
set using the 3ℓ analysis from Ref. [20].
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Figure 17: The 95% CL exclusion limits on χ̃±1 χ̃
0
2 production with ℓ̃L-mediated decays, as a function of the χ̃

±
1

and χ̃01 masses, where the intermediate slepton mass is set to the χ̃
0
1 mass plus (a) 50% or (b) 95% of the difference

between the χ̃±1 and the χ̃
0
1 masses. The limits in (a) are set using a combination of the 3ℓ analysis from Ref. [20] and

the same-sign, two-lepton anaysis from this article, while the limits in (b) use the combination of the three-lepton
and same-sign, two-lepton anayses from this article.
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Table 23: Searches used to probe each of the models described in Section 2.

Model Wh [23] 2ℓ † [19] 2τ∗ [22] 3ℓ ♦ [20] 4ℓ [21] 2τMVA∗ SR2ℓ-1† SS MVA§ SR3ℓ-0/1♦ SR2ℓ-2§

τ̃ τ̃

χ̃+1 χ̃
−
1 via ℓ̃L with x = 0.5

χ̃+1 χ̃
−
1 via ℓ̃L with variable x

χ̃+1 χ̃
−
1 via WW

χ̃±1 χ̃
±
1 via VBF

χ̃±1 χ̃
0
2 via τ̃L

χ̃±1 χ̃
0
2 via ℓ̃L with x = 0.5

χ̃±1 χ̃
0
2 via ℓ̃L with variable x

χ̃±1 χ̃
0
2 via WZ

χ̃±1 χ̃
0
2 via Wh

χ̃02χ̃
0
3 via ℓ̃L with x = 0.5

χ̃02χ̃
0
3 via ℓ̃L with variable x

pMSSM

NUHM2

GMSB

† The opposite-sign, two-lepton signal regions in Ref. [19] and Section 8.1 overlap.

∗ The two-tau signal regions in Ref. [22] and Section 7 overlap.

♦ The three-lepton signal regions in Ref. . [20] and Section 8.3 overlap.

§ The same-sign, two-lepton signal regions in Section 8.2 and Section 9 overlap.
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