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Introduction

Same-sign leptons signature has strong theory motivation:
I Many BSM models: VLQ, 4 tops (extra dimensions, BSM Higgs, etc.)
I Very low SM background

In this talk, four 13 TeV analyses will be covered:
I Search for heavy vector-like quarks decaying to same-sign dileptons

F CMS-PAS-B2G-16-019 (CMS T5/3), 35.9 fb−1

I Search for BSM physics in events with two leptons of the same sign,
missing transverse momentum, and jets

F CMS-PAS-SUS-16-035 (CMS SUSY), 35.9 fb−1

I Search for supersymmetry with two same-sign leptons or three leptons
F ATLAS-CONF-2016-037 (ATLAS SUSY), 13.2 fb−1

I Search for new physics using events with b-jets and a pair of same
charge leptons

F ATLAS-CONF-2016-032 (ATLAS VLQ/4tops), 3.2 fb−1
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Signatures

Vector-like quark production (VLQ)
I Double production: T T̄ , BB̄, T5/3T̄5/3

F B →Wt, Zb or Hb
F T →Wb, Zt or Ht
F T5/3 →W+t
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, and (b) four-top production from
the contact interaction model.

where tR is the right handed top spinor and the �µ are the Dirac matrices. Direct constraints limit any
contact interaction between left-handed top quarks to be too small to be to be observed at the LHC. A
model with two universal extra dimensions under the real projective plane geometry (2UED/RPP) [34] is
also considered. In this model, the compactification of the extra dimensions leads to discretization of the
momenta along their directions. The model is parameterized by the radii R4 and R5 of the extra dimen-
sions or, equivalently, by mKK = 1/R4 and ⇠ = R4/R5. This model predicts the pair production of tier2
(1,1) Kaluza–Klein (KK) excitations of the photon (A(1,1)

µ ) with a leading-order mass of
p

1 + ⇠2 mKK
that decay to tt̄ with an unknown branching fraction, assumed here to be 100%.

Leading-order Feynman diagrams for the production in pp collisions of some of the signals searched for
in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration using an integrated luminosity of 20.3 fb�1 of pp collisions
at a centre-of-mass energy

p
s = 8 TeV [35], and the CMS collaboration using an integrated luminosity

19.5 fb�1 of pp collisions at
p

s = 8 TeV [36] and 2.3 fb�1 at 13 TeV [37], did not observe a significant
excess of same-sign dilepton production. However, in the ATLAS search, a modest excess was observed,
reaching 2.5 standard deviations in the set of signal regions defined for searching for four-top-quark
production. The ATLAS result was used to set limits at 95% confidence level on various models, including
on VLQ and four-top-quark production. The CMS result was also used to set limits on various models,
including on SM four-top-quark production. The upper limit on the four-top-quark production cross
section, set by CMS, was 49 fb. In separate analyses the CMS collaboration used the same-sign lepton
signature as part of a search for T5/3 quarks [38], ruling out left-handed (right-handed) T5/3 quarks with
mass below 0.94 (0.96) TeV, and as part of a broader search for vector-like T quarks [39], ruling out such
quarks with mass less than 0.69 TeV. Other searches by the ATLAS collaboration using pp collisions atp

s = 8 and 13 TeV [40, 41] with similar final states to those reported here were interpreted in the context
of supersymmetric models. The present analysis uses an analysis strategy that is similar to the

p
s = 8

TeV ATLAS analysis, using a data set recorded at
p

s = 13 TeV with an integrated luminosity of 3.2
fb�1. This allows for a check of the modest excess observed at 8 TeV. Because of the increased cross
sections, the sensitivity of the search was improved from the 8 TeV search, despite the smaller integrated
luminosity of the data set.

2 A tier of the Kaluza–Klein towers is labeled by two integers, corresponding to the two extra dimensions.
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Four tops: tt̄tt̄
I Effective contact interaction (CI):

F L4t = C4t
Λ2

(
t̄Rγ

µtR
) (
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)

I Extra dimensions under real projective
plane geometry (2UED/RPP):

F Pair production of Kaluza-Klein (KK)
excitations of photon A(1,1)µ → tt̄
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Signatures (continued)

Supersymmetry
I Light gluinos and 3rd generation squarks

F Large production of g̃g̃, b̃b̃, t̃t̃
F Large EmissT from neutralinos

3

tion of a scalar (H) or pseudoscalar (A). The subsequent decay of H/A to a pair of top quarks
gives rises to three or four top quark signatures. For the purpose of interpretation, we use LO
cross sections for the production of a heavy Higgs boson in the context of the Type II 2HDM of
Ref. [23]. The mass of the new particle is varied in the range [350, 550] GeV, where the lower
mass boundary is chosen in such a way as to allow the decay of the (pseudo)scalar into on shell
top quarks.
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Figure 1: Diagrams illustrating the simplified SUSY models considered in this analysis.
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Figure 2: Diagrams for scalar (pseudoscalar) production in association with top quarks.

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 scintillator
hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Forward
calorimeters extend the pseudorapidity coverage provided by the barrel and endcap detectors.
Muons are measured in gas-ionization detectors 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 relevant kinematic variables, can be found in Ref. [49].

Events of interest are selected using a two-tiered trigger system [50]. 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 µs. The
second level, known as the high-level trigger (HLT), 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 less than 1 kHz before data storage.

Events are processed using the particle-flow (PF) algorithm [51, 52], which reconstructs and
identifies each individual particle with an optimized combination of information from the
various elements of the CMS detector. The energy of photons is directly obtained from the
ECAL measurement. The energy of electrons is determined from a combination of the elec-
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Same-sign tops
I 2HDM type-II

F Associated production of a heavy
(pseudo)scalar

F Smaller EmissT
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tion of a scalar (H) or pseudoscalar (A). The subsequent decay of H/A to a pair of top quarks
gives rises to three or four top quark signatures. For the purpose of interpretation, we use LO
cross sections for the production of a heavy Higgs boson in the context of the Type II 2HDM of
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Selection

All analyses require same-sign leptons (or 3 leptons)
General features:

I CMS T5/3 and ATLAS VLQ/4tops optimised for energetic tops:
F High lepton pt cut (∼30 GeV) and high jet activities

I SUSY searches optimised for massive neutralinos (RPC searches):
F High EmissT cut (∼150 GeV) and lower lepton pt cut (∼10 GeV)

I Additional different cuts on N(jets), N(b-jets), HT, etc...
Signal regions:

I CMS T5/3 employs incusive signal region
I Other analyses use several SRs split in kinematic requirements

More info in backup
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Backgrounds

True same-sign/three leptons:
I From Standard Model
I Dominant: tt̄ + V and V V
I Simulated using Monte Carlo

Fake/non-prompt lepton:
I Light jets reco-ed as leptons
I Leptons coming from

heavy-flavor jets
I Data-driven

Charge mis-identification:
I Detector effects:

F Tracker charge reco
efficiency

F Photon conversions
I Negligible for muons
I Data-driven

Sergey Senkin (LPC) Same-sign leptons 5 May 2017 6 / 13



Control plots (preselection level)
CMS T5/3

8 8 Results
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Figure 2: The Hlep
T distributions after the same-sign dilepton selection, Z/quarkonia lepton in-

variant mass vetoes, and requiring at least two AK4 jets in the event. The bottom panel on all
plots shows the difference between the observed and the predicted number of events in that bin
divided by the total uncertainty (s). The total uncertainty is calculated as the sum in quadra-
ture of the statistical uncertainty on the observed measurement and the uncertainty, including
both statistical and systematic, on the background.
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Figure 2: Distributions of (a) the scalar sum of the jet and lepton transverse momenta HT, (b) Emiss
T , and (c) Nb for

data and the expected background for events in the low-HT+1b validation region. The bottom panels display the
ratios of data to the total background prediction (‘Bkg’).

Definition Name
e±e± + e±µ± + µ±µ± + eee + eeµ + eµµ + µµµ, Njets � 2

400 < HT < 700 GeV
Nb = 1 SR0
Nb = 2 Emiss

T > 40 GeV SR1
Nb � 3 SR2

HT � 700 GeV

Nb = 1
40 < Emiss

T < 100 GeV SR3
Emiss

T � 100 GeV SR4

Nb = 2
40 < Emiss

T < 100 GeV SR5
Emiss

T � 100 GeV SR6
Nb � 3 Emiss

T > 40 GeV SR7

Table 4: Definitions of the di↵erent signal regions. The jet and b-jet multiplicities are denoted by Njets and Nb

respectively.

these variables di↵ers between them. Therefore eight event categories are defined, placing di↵erent re-
quirements on HT, Emiss

T , and Nb , as shown in table 4. Splitting the sample in this manner provides good
overall e�ciency for signal events, while allowing regions with the highest signal-to-background ratios to
be treated separately in the analysis, thereby enhancing the sensitivity to BSM physics. One consequence
of defining several signal categories is that the background estimates are subject to large statistical fluc-
tuations. To mitigate this, all lepton flavours are summed within each category. The same signal regions
that were defined in the 8 TeV ATLAS analysis [35] are used, in order to perform a direct check of the
modest excess that was observed.

6 Systematic uncertainties

Tables 5 and 6 show the sources of systematic uncertainties that contribute more than 1% uncertainty on
the expected background or signal yield for each of the signal regions considered. For the yields derived
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Figure 3: Distributions of the main analysis variables: HT (a), Emiss
T (b), mmin

T (c), Njets (d), and
Nb (e), after the baseline selection requiring a pair of SS leptons, two jets, and Emiss

T > 50 GeV.
The last bin includes the overflow events and the hatched area represents the total uncertainty
in the background prediction. The upper panels show the ratio of the observed event yield to
the background prediction.
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Figure 3: Distributions of the number of jets (a), of b-tagged jets (b) and the e�ective mass (c,d) after requiring at
least two jets (pT > 25 GeV) and Emiss

T > 50 GeV, as well as at least two same-sign leptons (a,b) or two same-sign
electrons (c) or three leptons (d). The statistical uncertainties in the background prediction are included in the
uncertainty band, as well as the full systematic uncertainties for backgrounds with fake or non-prompt leptons, or
charge-flip. The light-shaded bands in the ratio plots show contributions from statistical uncertainties alone. The
“Rare” category contains the contributions from associated production of tt̄ with h/WW/t/tt̄, as well as tZ , tW Z ,
W h, Zh, and triboson production.

probabilities and the SRs, as well as the contamination from prompt leptons in the former regions. This
leads to overall FNP background uncertainties in the total background estimates of 5–32% depending on
the signal region.

For the charge-flip background prediction, the main uncertainties originate from the statistical uncertainty
of the charge-flip probability measurements and the background contamination of the sample used to
extract the charge-flip probability.

5.3 Validation of background estimates

To check the validity and robustness of the background estimates, the distributions of several discriminating
variables in data are compared with the predicted background after various requirements on the number
of jets and b-jets. Examples of such distributions are shown in Fig. 3, and illustrate that the predictions

10
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Figure 4: Event yields in the HH (a), HL (b), and LL (c) signal regions. The hatched area
represents the total uncertainty in the background prediction. The upper panels show the ratio
of the observed event yield to the background prediction.
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Figure 6: Exclusion regions at 95% CL in the plane of mec0
1

versus meg for the T5qqqqWW model
with mec±

1
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1
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1
+ 20 GeV (b). The notations are as in Fig. 5.
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Figure 5: Exclusion regions at 95% CL in the mec0
1

versus meg plane for the T1tttt (a) and
T5ttbbWW (b) models, with off-shell third-generation squarks, and the T5tttt (c) and T5ttcc (d)
models, with on-shell third-generation squarks. For the T5ttbbWW model, mec±

1
= mec0

1
+ 5 GeV,

for the T5tttt model, met �mec0
1
= mt, and for the T5ttcc model, met �mec0

1
= 20 GeV and the decay

proceeds throughet ! cec0
1. The right-hand side color 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 NLO+NLL cross sections [46–51] (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. Ex-
cluded regions are to the left and below the limit curves.
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Table 4: The number of observed data events and expected background contributions in the RPC signal regions
with zero or one b-jet requirement. The “Rare” category contains the contributions from associated production of
tt̄ with h/WW/t/tt̄, as well as tZ , tW Z , W h, Zh, and triboson production. Background categories shown as “�”
denote that they cannot contribute to a given region (charge-flip in 3-lepton regions). The displayed yields include
all sources of statistical and systematic uncertainties. The individual uncertainties can be correlated and therefore
do not necessarily add up in quadrature to the uncertainty on the total expected background.

SR3L1 SR3L2 SR0b1 SR0b2 SR1b

Observed 6 2 5 0 12

Total SM background 6.1 ± 2.2 1.2 ± 0.5 8.8 ± 2.9 1.6 ± 0.8 11.4 ± 2.8

tt̄ Z 0.69 ± 0.25 0.10 ± 0.04 0.45 ± 0.18 0.10 ± 0.04 1.6 ± 0.6
tt̄W 0.09 ± 0.04 0.02 ± 0.01 0.45 ± 0.17 0.13 ± 0.06 2.0 ± 0.7
Diboson 4.2 ± 2.0 0.7 ± 0.4 3.7 ± 1.9 0.7 ± 0.5 0.5 ± 0.4
Rare 0.8 ± 0.4 0.21 ± 0.13 0.8 ± 0.4 0.18 ± 0.12 2.7 ± 0.9
Fake/non-prompt leptons 0.29 ± 0.29 0.15 ± 0.15 2.9 ± 2.0 0.4 ± 0.5 3.3 ± 2.1
Charge-flip � � 0.50 ± 0.09 0.08 ± 0.03 1.43 ± 0.19

Table 5: The number of observed data events and expected background contributions in the RPC signal region
with a � 3 b-jets requirement, and the RPV signal regions. The “Rare” category contains the contributions from
associated production of tt̄ with h/WW/t/tt̄, as well as tZ , tW Z , W h, Zh, and triboson production. The displayed
yields include all sources of statistical and systematic uncertainties. The individual uncertainties can be correlated
and therefore do not necessarily add up in quadrature to the uncertainty on the total expected background.

SR3b SR1b-GG SR1b-DD SR3b-DD

Observed 2 2 12 4

Total SM background 1.6 ± 0.6 1.7 ± 0.5 12.0 ± 2.7 1.9 ± 0.8

tt̄ Z 0.19 ± 0.07 0.26 ± 0.08 2.8 ± 0.9 0.30 ± 0.10
tt̄W 0.17 ± 0.06 0.33 ± 0.11 1.8 ± 0.6 0.18 ± 0.07
Diboson < 0.1 0.08 ± 0.19 0.6 ± 0.4 < 0.1
Rare 0.89 ± 0.31 0.64 ± 0.34 2.6 ± 1.3 0.8 ± 0.4
Fake/non-prompt leptons 0.2 ± 0.5 0.21 ± 0.33 2.5 ± 1.7 0.5 ± 0.6
Charge-flip 0.14 ± 0.03 0.18 ± 0.07 1.74 ± 0.22 0.14 ± 0.03

Exclusion limits are also set on the masses of the superpartners involved in the SUSY benchmark scenarios
considered in this analysis. Simplified models corresponding to a single production mode and with 100%
branching ratio to a specific decay chain are used, with the masses of the SUSY particles not involved in
the process set to very high values. Figure 6 shows the limits on the mass of the �̃0

1 as a function of the
g̃ or b̃1 mass for the RPC models in Fig. 1. For these results, asymptotic formulas [78] are used to model
the probability distribution of the test statistic. The new limits set by this analysis can be compared with
the existing limits set by other ATLAS SUSY searches [22, 80–82].

Signal models featuring gluino pair production with a subsequent gluino decay via �̃0
2 and light sleptons

(g̃ ! qq̄ �̃0
2 ! qq̄(` ˜̀⇤/⌫⌫̃⇤) ! qq̄(`+`�/⌫⌫) �̃0

1) are probed using SR3L1 and SR3L2 (Fig. 6(a)). In
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(b) SR0b1 and SR0b2, g̃ ! qq̄0W Z �̃0
1 scenario
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(c) SR1b, b̃1 ! tW� �̃0
1 scenario
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Figure 6: Observed and expected exclusion limits on the g̃ , b̃1and �̃0
1 masses in the context of RPC SUSY scenarios

with simplified mass spectra featuring g̃g̃ or b̃1b̃⇤1 pair production with exclusive decay modes. The signal region
used to obtain the limits is specified for each scenario. The contours of the band around the expected limit are the
±1� results, including all uncertainties except theoretical uncertainties on the signal cross-section. The dotted lines
around the observed limit illustrate the change in the observed limit as the nominal signal cross-section is scaled
up and down by the theoretical uncertainty. All limits are computed at 95% CL. The diagonal lines indicate the
kinematic limit for the decays in each specified scenario. Results are compared with the observed limits obtained
by previous ATLAS searches [22, 80–82].
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Results – T T̄/BB̄
ATLAS limits (mid-2016)
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Figure 6: Observed (solid line) and expected (dashed line) 95% CL upper limits on (a) the BB̄ cross section as a
function of the B mass, and (b) the TT̄ cross section as a function of the T mass. These limits assume branching
ratios given by the model where the B and T quarks exist as weak isospin singlets [25]. The surrounding shaded
bands correspond to ±1 and ±2 standard deviations around the expected limit. The blue line shows the theoretical
prediction.
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Figure 7: (a) Expected and (b) observed 95% CL lower limit on the mass of the B quark in the plane of BR(B ! Hb)
versus BR(B ! Wt). Contour lines of constant mass limit values are are provided to guide the eye.
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ATLAS VLQ/4tops yields
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Figure 4: Expected background yields and observed data events in various signal regions. Uncertainties include
both the statistical and systematic errors added in quadrature. The bottom panel displays the ratio of data to the
total background prediction (‘Bkg’).

which is anti-correlated with the uncertainty on the fake-electron background. The magnitude of the total
uncertainty is ⇡25%, with small variations between the di↵erent validation and signal regions due to
dependence on the event characteristics, as presented in tables 2 and 7. The expected yield of fake/non-
prompt leptons is subject to uncertainties in the real and fake/non-prompt lepton e�ciencies that arise
from i) variations in the values of r and f when di↵erent control regions are used to measure them, ii)
the finite statistics in the control regions used to measure r and f , and iii) the MC model used to subtract
the real lepton contribution from the fake/non-prompt lepton control region. When assessing e↵ect i,
the following alternative control regions are used: for electrons, the alternative fake/non-prompt control
region requires one loose electron and Emiss

T < 20 GeV, while for muons, the alternative control region
requires one loose muon, mT(W ) < 20 GeV and Emiss

T + mT(W ) < 60 GeV. In both cases the expected
contribution from real leptons in the control region is subtracted using simulation. The alternative control
regions for r are formed by increasing the requirement on Emiss

T from > 150 GeV to > 175 GeV for
electrons and by increasing the requirement on mT(W ) from > 100 GeV to > 110 GeV for muons. E↵ects
i)–iii) sum to an overall systematic uncertainty of 54% for the set of events with at least one b-tagged
jet and HT > 400 GeV. This uncertainty is applied to the fake/non-prompt background in all eight of the
signal regions.

13

Newest ATLAS 13 TeV results
still converging
No new CMS T T̄/BB̄ spotted
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Results – T5/3T̄5/3

CMS T5/3 yields

9

Table 3: Systematic uncertainties associated with the background processes which we take from
simulation. “JES” refers to the uncertainty from the jet energy scale while “Theory” refers to
uncertainties from the cross section normalization and choice of PDF.

Background Process JES Theory
ttW 3% 19%
ttZ 3% 12%
ttH 3% 30%
tttt 2% 50%
WZ 9% 24%
ZZ 4% 10%

W+W+ 9% 50%
WWZ 9% 50%
WZZ 9% 50%
ZZZ 9% 50%

The total number of expected background events are reported in Table 4, together with the
numbers of observed and expected events for a right-handed X5/3 of mass 1000 GeV. In total
48 events are observed, which is consistent with the background prediction of 40.6 ± 8.7.

Table 4: Summary of yields from prompt same-sign dilepton Monte Carlo (PSS MC), same-sign
non-prompt (NonPrompt), and opposite-sign prompt (ChargeMisID) backgrounds after the
full analysis selection. Also shown are the number of expected events for a right handed 1000
GeV X5/3 . The errors include both statistical and all systematic uncertainties (see Section 7).

Channel PSS MC NonPrompt ChargeMisID Total Background 1000 GeV X5/3 Observed
Di-electron 4.1 ± 0.6 3.5 ± 2.1 2.4 ± 0.8 10.0 ± 2.3 11.6 10

Electron-Muon 10.7 ± 1.4 8.5 ± 4.6 1.7 ± 0.5 20.9 ± 4.8 26.9 26
Di-muon 5.9 ± 0.8 3.8 ± 2.2 - 9.7 ± 2.4 16.1 12

All 20.7 ± 2.6 15.8 ± 8.2 4.1 ± 1.3 40.6 ± 8.7 54.6 48

As can be seen in Table 4, no significant excess is seen above the predicted background. We
therefore calculate 95% confidence level (95% CL) upper limits on the production cross section
of pp ! X5/3X5/3 ! tW+tW�using Bayesian statistics and assuming a flat prior on the signal
cross section. These limits are calculated using the theta framework [35] with systematic un-
certainties treated as nuisance parameters with log-normal priors. Both the expected and the
observed limits after combining all categories are shown in Fig 3. Translating the cross section
limits to lower limits on the X5/3 mass, we obtain observed limits of 1.16 (1.10) TeV for a right
(left) handed X5/3 and expected limits of 1.20 (1.15) TeV for a right (left) handed X5/3 .

9 Conclusions
In summary, we have performed a search for an exotic top partner with charge 5/3 decaying to
same-sign dileptons using 35.9 fb�1 of data collected by the CMS experiment at

p
s = 13 TeV.

No significant excess above the expected values is seen and observed (expected) limits are
placed on the X5/3 mass of 1.16 (1.20) TeV for a right handed X5/3 and 1.10 (1.15) TeV for a left
handed X5/3 .

CMS T5/3 new limits

10 9 Conclusions
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ATLAS T5/3
(mid-2016)
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Figure 8: (a) Expected and (b) observed 95% CL lower limit on the mass of the T quark in the plane of BR(T ! Ht)
versus BR(T ! W b). Contour lines of constant mass limit values are are provided to guide the eye.
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CMS improved the previous 13 TeV result by impressive ∼200 GeV
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Results – 4 tops
ATLAS limits (mid-2016):

CI model 2UED/RPP model
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Figure 10: Limits obtained from the search for four-top-quark production. (a) Expected and observed limits on the
coupling constant |C4t | in the contact interaction model for four-top production as a function of the BSM physics
energy scale ⇤. The region in the upper left, corresponding to |C4t |/⇤2 > 3.5 TeV�2, is excluded at 95% CL. The
lower bound on ⇤ is chosen so that the fraction of signal events with a partonic four-top-quark invariant mass above
that value of ⇤ is below 30%, in order to to stay within the range of validity of the EFT approach. (b) Expected and
observed limits on the four-top-quark production rate for the 2UED/RPP model in the symmetric case. The theory
line corresponds to the production of four-top-quark events by tier (1,1) with a branching ratio of A(1,1) to tt̄ of
100%. The surrounding shaded bands correspond to ±1 and ±2 standard deviations around the expected limit.
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Assuming SM kinematics:

Mid-2016 ATLAS limit on the 4-tops production: 95 fb (107 fb exp.)
New CMS limit with 35.9 fb−1: 42 fb (27 fb exp.)
SM expectation: 9.1 fb
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Results – additional CMS limits

New 2HDM Type-II:
I 360 GeV (scalar)

and 410 GeV
(pseudoscalar)

7.1 Model-independent limits and additional results 15
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Figure 8: Limits at 95% CL on the production cross section for heavy scalar (a) and pseudoscalar
(b) boson in association to one or two top quarks, followed by its decay to top quarks, as a
function of the (pseudo)scalar mass. The red line corresponds to the theoretical cross section in
the (pseudo)scalar model.

quark pairs, s(pp ! tt) + s(pp ! tt). The observed (expected) limit, based on the kinematics
of a SM tt sample and determined using the number of b jets distribution in the baseline region,
is 1.2 (0.76+0.3

�0.2) pb at 95% CL, significantly improved with respect to the 1.7 (1.5+0.7
�0.4) pb observed

(expected) limit of the previous analysis [24].

7.1 Model-independent limits and additional results

The yields and background predictions can be used to test additional BSM physics scenarios.
To facilitate such reinterpretations, we provide limits on the number of SS dilepton pairs as
a function of Emiss

T and HT in the kinematic tails, as well as results from a smaller number of
inclusive and exclusive signal regions.

The Emiss
T and HT limits are based on combining HH tail SRs, specifically SR42–45 for high Emiss

T
and SR46–51 for high HT, and employing the CLs criterion without the asymptotic formulation
as a function of the minimum threshold of each kinematic variable. These limits are presented
in Fig. 9 in terms of sAe, the product of cross section, detector acceptance, and selection ef-
ficiency. Where no events are observed, the observed and expected limits reach 0.1 fb, to be
compared with a limit of 1.3 fb obtained in the previous analysis [24].

Results are also provided in Table 7 for a small number of inclusive signal regions, designed
based on different topologies and a small number of expected background events. The back-
ground expectation, the event count, and the expected BSM yield in any one of these regions
can be used to constrain BSM hypotheses in a simple way.

In addition, we define a small number of exclusive signal regions based on integrating over
the standard signal regions. Their definitions, as well as the expected and observed yields,
are specified in Table 8, while the correlation matrix for the background predictions in these
regions is given in Fig. 10. This information can be used to construct a simplified likelihood for
models of new physics, as described in Ref. [72].

Model-independent:
I 0.1 fb where no

events are
observed

I Compared to 1.3
fb (previous
result)

16 7 Results and interpretation
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Figure 9: Limits on the product of cross section, detector acceptance, and selection efficiency,
sAe, for the production of an SS dilepton pair as a function of Emiss

T (a) and of HT (b).

Table 7: Inclusive SR definitions, expected background yields, and observed yields, as well the
observed 95% CL upper limits on the number of signal events contributing to each region. No
uncertainty in the signal acceptance is assumed in calculating these limits. A dash (—) means
that the selection is not applied.

SR Leptons Njets Nb HT (GeV) Emiss
T (GeV) mmin

T (GeV) SM expected Observed N95%CL
obs,UL

InSR1

HH

�2 0 �1200 �50 — 4.00 ± 0.79 10 12.35
InSR2 �2 �2 �1100 �50 — 3.63 ± 0.71 4 5.64
InSR3 �2 0 — �450 — 3.72 ± 0.83 4 5.62
InSR4 �2 �2 — �300 — 3.32 ± 0.81 6 8.08
InSR5 �2 0 — �250 �120 1.68 ± 0.44 2 4.46
InSR6 �2 �2 — �150 �120 3.82 ± 0.76 7 9.06
InSR7 �2 0 �900 �200 — 5.6 ± 1.1 10 10.98
InSR8 �2 �2 �900 �200 — 5.8 ± 1.3 9 9.77
InSR9 �7 — — �50 — 10.1 ± 2.7 9 7.39

InSR10 �4 — — �50 �120 15.2 ± 3.5 22 16.73
InSR11 �2 �3 — �50 — 13.3 ± 3.4 17 13.63
InSR12

LL

�2 0 �700 �50 — 3.6 ± 2.5 3 4.91
InSR13 �2 — — �200 — 4.9 ± 2.9 10 11.76
InSR14 �5 — — �50 — 7.3 ± 5.5 6 6.37
InSR15 �2 �3 — �50 — 1.06 ± 0.99 0 2.31
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Summary

Same-sign leptons is a promising signature involving many searches
for new physics
Each analysis is unique in defining selection strategy depending on the
models covered
Impressive limits set recently by CMS on T5/3T̄5/3 and 4 tops
production, as well as associated heavy (pseudo)scalar production
(2HDM type-II) and model-independent limits
Newest ATLAS results still converging... Stay tuned!
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Selection – ATLAS VLQ/4tops
Preselection:

Electrons Muons Jets
Trigger 1 electron, pT > 24 GeV 1 isolated muon, pT > 20 GeV

or 1 muon, pT > 50 GeV
pT > 25 GeV > 25 GeV > 25 GeV
|⌘ | < 1.37 or 1.52 < |⌘ | < 2.47 < 2.5 < 2.5
Object ID tight medium –
Vertex match |d0 |/�(d0) < 5 |d0 |/�(d0) < 3 JVT requirement

|�z0 sin ✓ | < 0.5 mm |�z0 sin ✓ | < 0.5 mm (if |⌘ | < 2.4 and
pT < 50 GeV)

Isolation track and calorimeter track –
Multiplicity 2 same-charge leptons or � 3 leptons –

Table 1: Summary of the ‘preselection’ criteria.

Jets are reconstructed from energy clusters in the calorimeter using the anti-kt algorithm [59–61] with
radius parameter 0.4. Jets are removed if they are within �R = 0.2 of an electron or have fewer than
three tracks and are within �R = 0.4 of a muon. To suppress jets that do not originate from the primary
vertex in the event, the jet vertex tagger (JVT) is defined, combining two variables that separate hard
scattering jets from pileup jets [62]. Jets with pT < 50 GeV and |⌘ | < 2.4 are selected based on their JVT
value, keeping ⇡ 92% of hard-scattering jets and rejecting ⇡ 96% of jets not originating from the primary
vertex. All jets in this analysis are required to have pT > 25 GeV after energy calibration [63, 64] and
|⌘ | < 2.5.

Identification of jets containing b-hadrons is performed with a multivariate algorithm based on the prop-
erties of the tracks associated with the jet. A requirement is placed on the output of the algorithm such
that ⇡ 77% of b-quark jets, ⇡ 22% of c-quark jets, and ⇡ 1% of light-quark or gluon jets pass in inclusive
simulated tt̄ events [65, 66]. All jets that meet this criterion are called ‘b-tagged’ jets.

The missing transverse momentum (Emiss
T ) is calculated as the negative of the vector sum of the trans-

verse momenta of all identified physics objects (electrons, photons, muons, jets), and an additional soft
term constructed from tracks associated with the primary vertex but not associated with any physics ob-
jects [67].

If the same-sign leptons are both electrons, their invariant mass mee is required to be greater than 15 GeV
and to satisfy |mee �mZ (= 91 GeV) | > 10 GeV. These criteria reject events from  , ⌥ and Z resonances
decaying to an electron–positron pair where the charge of either the electron or positron is misidentified.

‘Preselection’ is defined as the set of all of the above criteria, as summarized in table 1.

4 Background estimation

Background arises from two distinct sources: SM processes that result in same-sign lepton pairs and
instrumental backgrounds where objects are misidentified or misreconstructed such that events appear to
have the required set of leptons. The former category includes production of tt̄W , tt̄ Z , tt̄W+W�, W Z ,
Z Z , W±W± j j, tt̄H , W H , Z H , three vector bosons, or three top quarks. In addition, the four-top-quark
production predicted in the SM is included as a background to all searches for other signals. All of
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Figure 2: Distributions of (a) the scalar sum of the jet and lepton transverse momenta HT, (b) Emiss
T , and (c) Nb for

data and the expected background for events in the low-HT+1b validation region. The bottom panels display the
ratios of data to the total background prediction (‘Bkg’).

Definition Name
e±e± + e±µ± + µ±µ± + eee + eeµ + eµµ + µµµ, Njets � 2

400 < HT < 700 GeV
Nb = 1 SR0
Nb = 2 Emiss

T > 40 GeV SR1
Nb � 3 SR2

HT � 700 GeV

Nb = 1
40 < Emiss

T < 100 GeV SR3
Emiss

T � 100 GeV SR4

Nb = 2
40 < Emiss

T < 100 GeV SR5
Emiss

T � 100 GeV SR6
Nb � 3 Emiss

T > 40 GeV SR7

Table 4: Definitions of the di↵erent signal regions. The jet and b-jet multiplicities are denoted by Njets and Nb

respectively.

these variables di↵ers between them. Therefore eight event categories are defined, placing di↵erent re-
quirements on HT, Emiss

T , and Nb , as shown in table 4. Splitting the sample in this manner provides good
overall e�ciency for signal events, while allowing regions with the highest signal-to-background ratios to
be treated separately in the analysis, thereby enhancing the sensitivity to BSM physics. One consequence
of defining several signal categories is that the background estimates are subject to large statistical fluc-
tuations. To mitigate this, all lepton flavours are summed within each category. The same signal regions
that were defined in the 8 TeV ATLAS analysis [35] are used, in order to perform a direct check of the
modest excess that was observed.

6 Systematic uncertainties

Tables 5 and 6 show the sources of systematic uncertainties that contribute more than 1% uncertainty on
the expected background or signal yield for each of the signal regions considered. For the yields derived
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Validation regions:

Table 2: Summary of the event selection in the validation regions (VRs). Requirements are placed on the number of
signal leptons (N signal

lept ) and candidate leptons (Ncand
lept ), the number of jets with pT > 25 GeV (N25

jets) or the number of
b-jets with pT > 20 GeV (N20

b�jets), pT of the lepton or jet, Emiss
T and me� . The three leading-pT leptons are referred

to as `1,2,3 with decreasing pT and the two leading jets as j1,2. In some validation regions, additional requirements
are set on electron pseudorapidity, on the invariant mass of the two leading electrons mee or three leading leptons
(m```), the presence of SS leptons or a pair of same-flavour opposite-sign leptons (SFOS) and its invariant mass
mSFOS. In VR-W±W± j j, cuts on the transverse mass mT (computed using the Emiss

T and the highest-pT lepton
m2

T = 2p`T Emiss
T (1�cos(��(`, Emiss

T ))) and the invariant mass of the two leading jets are added to increase the purity.

N signal
lept (Ncand

lept ) N20
b�jets N25

jets Emiss
T [GeV] me� [GeV] Other

VR-W±W± j j = 2 (= 2) = 0 � 2 > 50 > 500 m( j1 j2) > 500 GeV
= 1 SS pair pT( j2) > 40 GeV

pT(`2) > 25 GeV
mT > 40 GeV
veto 80 < mee < 100 GeV

VR-W Z4j = 3 (= 3) = 0 � 4 > 20 > 300 m``` > 100 GeV
VR-tt̄W = 2 (-) � 1 � 4 (e±µ±) > 50 > 550 pT(`2) > 30 GeV

= 1 SS pair � 3 (µ±µ±) veto e±e± pairs
VR-tt̄ Z � 3 (-) � 1 � 3 > 20 - pT(`2) > 25 GeV

� 1 SFOS pair 80 < mSFOS < 100 GeV
All VRs Veto events belonging to any SR, or if `1 or `2 is an electron with |⌘ | > 1.37 (except in VR-W Z4j and VR-tt̄ Z)

Table 3: The numbers of observed data and expected background events for the validation regions. The “Rare”
category contains the contributions from associated production of tt̄ with h/WW/t/tt̄, as well as tZ , tW Z , W h,
Zh, and triboson production. Background categories shown as “�” denote that they cannot contribute to a given
region (e.g. charge flips in 3-lepton regions). The displayed yields include all sources of statistical and systematic
uncertainties, except for the theoretical uncertainties which only consist of uncertainties on the inclusive production
cross-sections.

VR-W Z4j VR-W±W± j j VR-tt̄W VR-tt̄ Z

Observed 124 32 81 121

Total SM background 132 ± 26 26 ± 4 76 ± 19 139 ± 23

tt̄ Z 7.2 ± 1.6 0.19 ± 0.04 5.4 ± 0.9 66 ± 10
tt̄W 0.59 ± 0.15 0.77 ± 0.18 17.3 ± 2.6 1.28 ± 0.21
W±W± j j < 0.1 11.3 ± 0.9 0.83 ± 0.14 < 0.1
W Z 76 ± 16 5.2 ± 0.9 2.3 ± 0.6 18.1 ± 3.2
Z Z 10.6 ± 2.4 0.5 ± 0.4 0.07 ± 0.09 4.2 ± 1.4
Rare 4.8 ± 1.5 0.85 ± 0.29 8.6 ± 2.0 20 ± 10
Fake/non-prompt leptons 33 ± 18 5.8 ± 3.2 33 ± 19 29 ± 16
Charge-flip � 1.37 ± 0.12 8.6 ± 0.6 �

11

Signal regions:Table 1: Summary of the event selection criteria for the signal regions (see text for details).

Signal region N signal
lept N20

b�jets Njets pT,jets [GeV] Emiss
T [GeV] me� [GeV] Other

SR3L1 � 3 = 0 � 4 40 > 150 - -
SR3L2 � 3 = 0 � 4 40 > 200 > 1500 -
SR0b1 � 2 = 0 � 6 25 > 150 > 500 -
SR0b2 � 2 = 0 � 6 40 > 150 > 900 -
SR1b � 2 � 1 � 6 25 > 200 > 650 -
SR3b � 2 � 3 � 6 25 > 150 > 600 -

SR1b-DD � 2 � 1 � 4 50 - > 1200 � 2 negatively-charged leptons
SR3b-DD � 2 � 3 � 4 50 - > 1000 � 2 negatively-charged leptons
SR1b-GG � 2 � 1 � 6 50 - > 1800 -

Signal regions targeting RPV models contain no Emiss
T requirement. The SR1b-DD and SR3b-DD signal

regions are sensitive to direct down squark production with a � 00321 (Fig. 2(d)) and � 00313 (Fig. 2(c)) coupling,
respectively. Models featuring gluino production decaying via top squark including a � 00313 (Fig. 2(a)) or
� 00321 (Fig. 2(b)) coupling are explored with the SR1b-GG signal region.

The values of acceptance times e�ciency of the SR selections for the SUSY signal models in Figs. 1-2
typically range between 1-8% for models with a light �̃0

1 and 0.5-1.5% for models with a heavy �̃0
1.

5 Background estimation

Two main sources of SM background can be distinguished in this analysis. The first category consists of
events with two same-sign prompt leptons or at least three prompt leptons, mainly from tt̄V and diboson
processes. The second category is the reducible background which includes events containing electrons
with mis-measured charge, mainly from the production of top quark pairs, and events containing at least
one non-prompt or fake lepton, which mainly originate from hadron decays in events containing top quarks
or W bosons produced in association with jets.

5.1 Background estimation methods

The estimation of the SM background processes with two same-sign prompt leptons or at least three
prompt leptons is performed using the MC samples described in Section 3. Since diboson and tt̄V events
are the main backgrounds in the signal regions, dedicated validation regions with an enhanced contribution
from these processes are defined to verify the background predictions (see Section 5.3).

Background events due to charge mis-identification, dominated by electrons having emitted a hard brems-
strahlung photon which subsequently converted to an electron–positron pair, are referred to as “charge-
flip”. The probability of mis-identifying the charge of a muon is checked in both data and MC simulation,
and found to be negligible in the kinematic range relevant to this analysis. The contribution of charge-flip
events is estimated using the data. The electron charge-flip probability is extracted in a Z/�⇤ ! ee data
sample using a likelihood fit which takes as input the numbers of same-sign and opposite-sign electron
pairs observed in the sample. The charge-flip probability is a free parameter of the fit and is extracted as

8
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6 4 Event selection and search strategy

Table 2: Signal region definitions for the HH selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT 2 [1300, 1600] GeV HT > 1600 GeV

0

< 120
50 � 200

2-4 SR1 SR2

SR46 (++) / SR47 (--) SR48 (++) / SR49 (--) SR50 (++) / SR51 (--)

�5

SR3

SR4

200 � 300
2-4 SR5 (++) / SR6 (--)
�5 SR7

> 120
50 � 200

2-4 SR8 (++) / SR9 (--)
�5

SR10
200 � 300

2-4
�5

1

< 120
50 � 200

2-4 SR11 SR12
�5

SR13 (++) / SR14 (--)

SR15 (++) / SR16 (--)

200 � 300
2-4 SR17 (++) / SR18 (--)
�5 SR19

> 120
50 � 200

2-4 SR20 (++) / SR21 (--)
�5

SR22
200 � 300

2-4
�5

2

< 120
50 � 200

2-4 SR23 SR24
�5

SR25 (++) / SR26 (--)

SR27 (++) / SR28 (--)

200 � 300
2-4 SR29 (++) / SR30 (--)
�5 SR31

> 120
50 � 200

2-4 SR32 (++) / SR33 (--)
�5

SR34
200 � 300

2-4
�5

�3
< 120

50 � 200 �2 SR35 (++) / SR36 (--)
SR37 (++) / SR38 (--)

200 � 300 SR39

> 120 50 � 300 �2 SR40 SR41

inclusive inclusive
300 � 500 �2

- SR42 (++) / SR43 (--)
> 500 - SR44 (++) / SR45 (--)

Table 3: Signal region definitions for the HL selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT > 1300 GeV

0 < 120
50 � 200

2-4 SR1 SR2

SR38 (++) / SR39 (--) SR40 (++) / SR41 (--)

�5
SR3

SR4

200 � 300
2-4 SR5 (++) / SR6 (--)
�5 SR7

1 < 120
50 � 200

2-4 SR8 SR9
�5

SR10 (++) / SR11 (--)
SR12 (++) / SR13 (--)

200 � 300
2-4 SR14 (++) / SR15 (--)
�5 SR16 (++) / SR17 (--)

2 < 120
50 � 200

2-4 SR18 SR19
�5

SR20 (++) / SR21 (--)
SR22 (++) / SR23 (--)

200 � 300
2-4 SR24 (++) / SR25 (--)
�5 SR26

�3 < 120
50 � 200 �2 SR27 (++) / SR28 (--)

SR29 (++) / SR30 (--)
200 � 300 SR31

inclusive > 120 50 � 300 �2 SR32 SR33

inclusive inclusive
300 � 500 �2

- SR34 (++) / SR35 (--)
> 500 - SR36 (++) / SR37 (--)

Table 4: Signal region definitions for the LL selection. All SRs in this category require Njets � 2.
Nb mmin

T (GeV) HT (GeV) Emiss
T 2 [50, 200] GeV Emiss

T > 200 GeV
0

< 120
> 300

SR1 SR2
1 SR3 SR4
2 SR5 SR6

� 3 SR7
Inclusive > 120 SR8

6 4 Event selection and search strategy

Table 2: Signal region definitions for the HH selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT 2 [1300, 1600] GeV HT > 1600 GeV

0

< 120
50 � 200

2-4 SR1 SR2

SR46 (++) / SR47 (--) SR48 (++) / SR49 (--) SR50 (++) / SR51 (--)

�5

SR3

SR4

200 � 300
2-4 SR5 (++) / SR6 (--)
�5 SR7

> 120
50 � 200

2-4 SR8 (++) / SR9 (--)
�5

SR10
200 � 300

2-4
�5

1

< 120
50 � 200

2-4 SR11 SR12
�5

SR13 (++) / SR14 (--)

SR15 (++) / SR16 (--)

200 � 300
2-4 SR17 (++) / SR18 (--)
�5 SR19

> 120
50 � 200

2-4 SR20 (++) / SR21 (--)
�5

SR22
200 � 300

2-4
�5

2

< 120
50 � 200

2-4 SR23 SR24
�5

SR25 (++) / SR26 (--)

SR27 (++) / SR28 (--)

200 � 300
2-4 SR29 (++) / SR30 (--)
�5 SR31

> 120
50 � 200

2-4 SR32 (++) / SR33 (--)
�5

SR34
200 � 300

2-4
�5

�3
< 120

50 � 200 �2 SR35 (++) / SR36 (--)
SR37 (++) / SR38 (--)

200 � 300 SR39

> 120 50 � 300 �2 SR40 SR41

inclusive inclusive
300 � 500 �2

- SR42 (++) / SR43 (--)
> 500 - SR44 (++) / SR45 (--)

Table 3: Signal region definitions for the HL selection. Regions split by charge are indicated
with (++) and (--).

Nb mmin
T (GeV) Emiss

T (GeV) Njets HT < 300 GeV HT 2 [300, 1125] GeV HT 2 [1125, 1300] GeV HT > 1300 GeV

0 < 120
50 � 200

2-4 SR1 SR2

SR38 (++) / SR39 (--) SR40 (++) / SR41 (--)

�5
SR3

SR4

200 � 300
2-4 SR5 (++) / SR6 (--)
�5 SR7

1 < 120
50 � 200

2-4 SR8 SR9
�5

SR10 (++) / SR11 (--)
SR12 (++) / SR13 (--)

200 � 300
2-4 SR14 (++) / SR15 (--)
�5 SR16 (++) / SR17 (--)

2 < 120
50 � 200

2-4 SR18 SR19
�5

SR20 (++) / SR21 (--)
SR22 (++) / SR23 (--)

200 � 300
2-4 SR24 (++) / SR25 (--)
�5 SR26

�3 < 120
50 � 200 �2 SR27 (++) / SR28 (--)

SR29 (++) / SR30 (--)
200 � 300 SR31

inclusive > 120 50 � 300 �2 SR32 SR33

inclusive inclusive
300 � 500 �2

- SR34 (++) / SR35 (--)
> 500 - SR36 (++) / SR37 (--)

Table 4: Signal region definitions for the LL selection. All SRs in this category require Njets � 2.
Nb mmin

T (GeV) HT (GeV) Emiss
T 2 [50, 200] GeV Emiss

T > 200 GeV
0

< 120
> 300

SR1 SR2
1 SR3 SR4
2 SR5 SR6

� 3 SR7
Inclusive > 120 SR8
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etc. This contribution is also estimated using a data driven method.

After requiring two tight, same-sign leptons we impose the following requirements:

• Quarkonia veto: require invariant dilepton mass (M``) > 20 GeV

• Associated Z boson veto: ignore any event where M``0 is within 15 GeV of the mass
of the Z boson, where ` is either lepton in the same-sign pair, and `0 is any lepton not
in the same-sign pair, but with the same flavor as `.

• Primary Z boson veto: require M`` > 106.1 GeV or M`` < 76.1 GeV for the dielec-
tron channel only. If the muon charge is mismeasured, its momentum will also be
mismeasured so a selected muon pair from a Z boson is unlikely to fall within this
invariant mass range.

• Number of constituents � 5.

• Hlep
T > 1200 GeV

The “number of constituents” is defined as the number of AK4 jets in the event passing our jet
selection together with the number of other leptons (i.e. not in the same-sign pair) passing our
tight selection. The Hlep

T used in this analysis is the scalar sum of the pT of all selected jets and
tight leptons in the event.

6 Background modeling
6.1 Same-sign prompt lepton background

The prompt same-sign (PSS) dilepton background consists of contributions from diboson pro-
duction (WZ and ZZ) and rarer processes like ttW, ttZ, ttH, WWZ, ZZZ, WZZ, WW + jets,
etc. Many of these processes have not been observed at the LHC or are not yet well-measured.
Hence we obtain their contribution from simulation (see Table 4).

6.2 Opposite-sign prompt lepton background

Processes with two prompt leptons that are oppositely charged can contribute to the back-
ground if the charge of one of these leptons is incorrectly identified. For muons in the pT range
considered in this analysis, the charge misidentification rate is extremely small (10�4 � 10�5)
and their contribution to the background is negligible [34]. Where electrons are concerned, the
magnitude of this contribution can be derived from a data sample dominated by Z+jets events.

We measure the probability of charge misidentification using di-electron events that reconstruct
to within 10 GeV of the Z boson mass. We first select those events where both electrons have
a pT less than 100 GeV and are in the same region of |h|, and calculate the ratio of same-sign
events to all events. This gives us the probability of a single electron (with pT below 100 GeV)
to have its charge mis-measured as a function of |h|. We then select events with a pair of
electrons where one has a pT below 100 GeV and the other has a pT between 100 and 200 GeV
and perform the same measurement as above, but without the requirement on the electrons
falling in the same |h| region. Together with the previously measured probability for electrons
with pT less than 100 GeV, this step provides the probability of charge misidentification (again
as a function of |h|) for electrons with pT between 100 and 200 GeV. We perform the above step
one more time, but changing the pT requirement on the higher pT electron to be above 200 GeV
and hence cover the full spectrum.

The number of expected same-sign events due to charge misidentification is estimated by con-
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