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This talk: SUSY searches with one or more leptons

2

} Interpretation usually done in simplified [SUSY] models 
} However, results can be interpreted in non-SUSY 

models as well

Higher branching ratio Less background

0 leptons 1 lepton 2, 3,… leptons
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Setting the scene
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Reminder: increased reach @ 13 TeV 

15/12/2015 CMS Collaboration - 13 TeV Results 
12 

13 TeV with 2.2 fb-1
 

potentially more sensitive 
than 8 TeV (19.8 fb-1) 

Reminder: increased reach @ 13 TeV 

15/12/2015 CMS Collaboration - 13 TeV Results 
12 

13 TeV with 2.2 fb-1
 

potentially more sensitive 
than 8 TeV (19.8 fb-1) SM

Early SUSY searches mostly aiming at gluino-induced production: 
Large cross-section gains w.r.t. 8 TeV
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Which signal models?

Gluino-induced
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SUS-15-007 
MJ (≥1b)

SUS-15-006 
Δɸ (≥1b)

SUS-15-006 
Δɸ (0b)

1 lepton

2015-076 
lep,jet,MET 
hard/soft 
leptons
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Baseline requirements: 

Analysis binned in #jets, #b-jets, HT, LT 

Main discriminating observable: Δɸ

HT (scalar sum of jet pT)>500 GeV 
exactly one hard lepton (pT>25 GeV) 
LT (scalar sum of pT(lep) and MET)>250 GeV

5

Lepton + MET 
in SM:

Δɸ analysis - new for Moriond: 

Δɸ small (MET≈neutrino)

MET (mostly) due to LSP → 
“randomized” reconstructed W 
→ “randomized” Δɸ 

Δɸ

Δɸ

Lepton from 
W decay

Lepton + MET 
with SUSY:

W

lepton

neutrino/MET

Δɸ

Δɸ: Angle between lepton and 
reconstructed W (lepton+MET)

SUS-15-006 
Δɸ (0b;≥1b)
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MC Weights applied for plots:

> lepton/b-tag scale factors, PU and top pt reweighting, trigger efficiency

Control distributions of kinematic variables
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Baseline with Nj ≥ 6
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Background estimation

7

31

6 Background estimation242

Figure 16 gives an overview over the expected background composition in the control and243

signal regions as a function of njet and HT for the zero-b analysis separate for electron and244

muon channel, while Fig. 15 shows the similar plots as a function of njet and nb-jet for the multi-245

b analysis. Similar plots for 1,2 and �3 b-tags are shown in Appendix F. For the 0-tag analysis,246

the main background is W+jets and tt, where especially in regions with high jet multiplicity247

the tt contribution exceeds 50%. In the regions with exactly one b-tag and four or five jets,248

we expect about 80% tt events and 15%-20% W+jets and single top events, while in all other249

multi-b regions, tt is completely dominant.250

We determine the background in the signal region (defined by large DF, a large number of251

jets, high LT and high HT) in a data-driven way: the main backgrounds are determined by252

scaling the yields in the high DF signal region (SR) from the low DF control region (CR) with253

a translation factor RCS which is extracted from data in a lower n-jet sideband region (SB). The254

CR is identical in terms of kinematic selection requirements to the SR. The translation factor255

can be determined from simulation or from data. When determining it from simulation, QCD256

is not taken into account, as it is always determined separately in a data-driven way:257

RMC
CS =

Nall backgrounds except QCD(DF > x)

Nall backgrounds except QCD(DF < x)
, (2)

As we determine RCS from data, we first subtract the number of QCD events which are negligi-258

ble in the high DF region, as shown in Section 6.3. The number of QCD events is evaluated in259

a different control region and subtracted from the number of events when extracting RCS from260

data:261

RCS =
Ndata

SB (DF > x))

Ndata
SB (DF < x) � NQCD estimate

, (3)

where x is the cut on DF in a given LT bin (ranging from 1 to 0.5 for lower to high LT bins) and262

N are the event yields above and below the cut values. The translation factor RCS is determined263

in the SB region separately for each search bin with 0, 1, 2, � 3 b-tagged jets, and for each LT264

and HT bin. Some bins lack statistics in the SB region and are therefore combined for the RCS265

determination. For the zero-b analysis, where the number of W+jets and tt events is more or266

less even, we extract for each of the backgrounds one RCS value, as discussed later.267

The residual difference between the RCS in the SB region with a lower number of jets and268

the signal region, called main band region (MB), with a higher number of jets is evaluated in269

simulation as correction factor k:270

k =
RMC

CS (SR)

RMC
CS (SB)

, (4)

where RMC
CS (MB) is the actual RCS in a signal region from simulation and RMC

CS (SB) is the simu-271

lated RCS in the corresponding sideband region. For the prediction we apply k to account for272

these differences:273

NSR
SM = RSB

CS · k · (NCR
obs � NQCD estimate) , (5)

Low Δɸ (CR) → high Δɸ (SR) 
ratio Rcs, determined in low 
#jet sideband  
0-b: separate W+jets and tt 
Rcs, fractions determined in 
data with #b-jet fit 
Multi-b: one Rcs for all EWK 

Dominant systematic 
uncertainty: #jet-
extrapolation from dileptonic 
control sample

7

5 Background estimation182

The dominant backgrounds in this analysis are tt and W + jets events with relative yields de-183

pending on the multiplicity of b-tagged jets and the kinematic region. To determine these back-184

grounds, we define for each bin in LT, HT, and nb-tag two regions: the signal regions (SR) with185

large values of DF, and the control regions (CR) with low values of DF, with the explicit sepa-186

ration requirement depending on the LT value as shown in Table 1. In addition, we define side187

band (SB) and main band (MB) regions, which have equal LT and HT requirements, but a dif-188

ferent number of jets, which is lower in the SB region. These SB regions are used to determine189

the ratio between control and signal region, RCS, from data for each LT, HT, and nb-tag region190

separately. The background in each SR is then determined by the transfer factor RCS multiplied191

by the number of events in the corresponding CR. To account for possible differences in this192

extrapolation from SB to MB as a function of jet multiplicity, we define multiplicative correction193

factors k from simulation.194

When requiring one b-tag and four or five jets, we expect about 80% tt events and 15%-20%195

W + jets and single top events, while in all other multi-b regions, tt is completely dominant.196

Having only one physics background that dominates, we define a single RCS factor in the multi-197

b analysis for each LT, HT, and nb-tag range. When requiring zero b-tagged jets, both back-198

grounds, W + jets and tt, are of equal importance. Here, an extension of the multi-b strategy is199

employed, which takes into account differences in the RCS values for these two backgrounds.200

The low DF control regions include 10-15% QCD background that is subtracted before extrap-201

olating from CR to SR because no such background exists in the SR. The transfer factor RCS,202

determined for each signal bin separately, is then defined as:203

Rdata
CS =

NSR
data

NCR
data � NCR

QCD estimate
. (1)

An overview of all regions used in this analysis is given in Table 2.204

Table 2: Overview over the signal and control region definitions.

Analysis Multi-b analysis Zero-b analysis
nb-tag nb-tag = 0 nb-tag � 1 nb-tag = 0 nb-tag = 1

njet = 3 QCD Fit (el. sample) RCS(W±) det. (µ sample),
njet = 4 RCS det. QCD Fit (el. sample) RCS(tt) det.njet = 5 MBnjet � 6 MB

5.1 RCS method for nb-tag � 1205

For the multi-b analysis the SB region, where RCS is determined, is required to have four or five206

jets, while the the MB region satisfies njet 2 [6 � 8] or njet � 9. For brevity, we refer to both207

of these MB jet multiplicity regions as nSR
jet in the following formulas. The expected number of208

background events in the SR, MB is then given by:209

NSR
MB(nb-tag) = Rdata

CS (nb-tag, njet 2 [4, 5]) · kEWK ·
h

NCR
data(nb-tag, nSR

jet ) � NCR
QCD estimate

i
, with (2)

#jet

ΔɸX

sideband (3-4/4-5 jets)

mainband (≥5/6jets)

determined in data at low #jet: Rcs

Rcs applied at high #jet 
𝜅 for #jet-dependence

SUS-15-006 
Δɸ (0b;≥1b)
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Background predictions and observations agree:  
Putting limits in  

T5qqqqWW                      and T1tttt

0b multi-b
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Figure 2: Distributions of MJ from simulated event samples with little ISR (left), and significant
ISR (right). The amount of ISR is selected using the pT of the tt or gluino-gluino system. The
distributions are shown for tt single- and dilepton events and for a T1tttt SUSY model with
a 1500 GeV gluino and a 100 GeV neutralino. When the ISR contribution is small, the MJ
distribution for tt events has a cutoff around 2mt (blue curves in the left-hand plot). If the ISR
contribution is substantial, this tail is greatly extended (blue curves in the right-hand plot. The
signal events have a large tail in the MJ distribution regardless of the amount of ISR. For each
distribution, the mean value (µ) is given in the legend.

Standard R=0.4 anti-kT jets are used to establish a correspondence between the parton shower
of a single isolated quark or gluon and a jet. In events where there may be angular corre-
lations between the quarks, e.g., in a boosted top decay, or where a large number of quarks
may accidentally result in nearby showers, it has been found beneficial to cluster the event
with larger radii, capturing multiple partons in the same jet. In these cases, the mass of the
large-R jets retains some of the angular information, allowing one to construct variables with
improved discrimination power, such as MJ . The optimal large-R jet reconstruction parameters
and corresponding MJ definition for this analysis were extensively studied by comparing the
background rejection vs. signal efficiency for MJ using a variety of settings. For example, the
performance of large-R jets was compared for cone sizes of 0.8, 1.0, 1.2, and 1.4. For a T1tttt
model with a large gluino-neutralino mass splitting, the performance is very similar, but for a
compressed-spectrum T1tttt model, smaller cone sizes are preferred. However, in tt events, the
mass peak from hadronic top-quark decay is best reconstructed with a cone size of 1.2, which
was adopted for the analysis.

For this analysis, where the main background is tt, the MJ distribution has a natural endpoint
at twice the mass of the top quark for events in which no ISR jets (Fig. 2, left) are present, while
the MJ distribution for signal events extends to much larger values. The tt background in the
high MJ region arises from the presence of ISR, as shown in Fig. 2, right.

4 Trigger and event selection
The data sample used in this analysis was acquired using High Level Trigger (HLT) paths that
require at least one lepton (an electron or a muon) satisfying pT > 15 GeV, together with the
requirement HT > 350 GeV, where HT is the scalar sum of the transverse momenta of the jets
in the event (reconstructed online). The HLT is seeded with a Level 1 trigger that requires
HL1

T > 150 GeV.
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Standard R=0.4 anti-kT jets are used to establish a correspondence between the parton shower
of a single isolated quark or gluon and a jet. In events where there may be angular corre-
lations between the quarks, e.g., in a boosted top decay, or where a large number of quarks
may accidentally result in nearby showers, it has been found beneficial to cluster the event
with larger radii, capturing multiple partons in the same jet. In these cases, the mass of the
large-R jets retains some of the angular information, allowing one to construct variables with
improved discrimination power, such as MJ . The optimal large-R jet reconstruction parameters
and corresponding MJ definition for this analysis were extensively studied by comparing the
background rejection vs. signal efficiency for MJ using a variety of settings. For example, the
performance of large-R jets was compared for cone sizes of 0.8, 1.0, 1.2, and 1.4. For a T1tttt
model with a large gluino-neutralino mass splitting, the performance is very similar, but for a
compressed-spectrum T1tttt model, smaller cone sizes are preferred. However, in tt events, the
mass peak from hadronic top-quark decay is best reconstructed with a cone size of 1.2, which
was adopted for the analysis.

For this analysis, where the main background is tt, the MJ distribution has a natural endpoint
at twice the mass of the top quark for events in which no ISR jets (Fig. 2, left) are present, while
the MJ distribution for signal events extends to much larger values. The tt background in the
high MJ region arises from the presence of ISR, as shown in Fig. 2, right.

4 Trigger and event selection
The data sample used in this analysis was acquired using High Level Trigger (HLT) paths that
require at least one lepton (an electron or a muon) satisfying pT > 15 GeV, together with the
requirement HT > 350 GeV, where HT is the scalar sum of the transverse momenta of the jets
in the event (reconstructed online). The HLT is seeded with a Level 1 trigger that requires
HL1

T > 150 GeV.

MJ analysis

9

} Main discriminating observables: mT and MJ  
} mT: transverse mass of lepton and MET; suppresses 1L-ttbar; 2L-

ttbar remains 
} MJ : Scalar sum of the masses of large-R jets (*) 
}                   Ji clustered with R=1.2 from AK4PF-jets and leptons

SUS-15-007 
MJ (≥1b)

} mT and MJ ~uncorrelated 
} ABCD-method in bins of MET, #jets, 

#b-jets, differences corrected using MC
(*) a la Phys.Rev. D85 (2012) 055029

no ISR

2mtop cutoff

with  ISR

2mtop cutoff
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1 lepton, jets, MET

10

} Hard lepton: target 
large mass splittings 
between gluino, 
chargino, neutralino 
with hard leptons and 
jets  

} Soft lepton: target 
small mass splittings 
between gluino, 
chargino, neutralino

2015-076 
lep,jet,MET
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1-` + jets + /ET analysis : interpretation 2
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Figure 6: Combined 95% CL exclusion limits in the two gluino simplified models using for each model point the
signal region with the best expected sensitivity. The limits are presented in the (mg̃,m �̃0

1
) mass plane (top) for the

scenario where the mass of the chargino �̃±1 is fixed to x = (m �̃±1
�m �̃0

1
)/(mg̃ �m �̃0

1
) = 1/2 and in the (mg̃, x)-plane

(bottom) for the m �̃0
1
= 60 GeV models. The red solid line corresponds to the observed limit with the red dotted

lines indicating the ±1 � variation on this limit due to the theoretical scale and PDF uncertainties on the signal
cross section. The dark grey dashed line indicates the expected limit with the yellow band representing the ±1 �
variation on the median expected limit due to the experimental and theoretical uncertainties. The exclusion limits
by previous ATLAS analyses [17] are shown as grey area.
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Figure 1: Feynman diagrams for gluino and b̃ pair production and decays realized in the sim-
plified models. The GMSB model targeted by the on-Z search is shown on the left. On the
right, the slepton-edge model features characteristic edges in the m`` spectrum given by the
mass difference of the c̃0

2 and c̃0
1.

cross sections [17–19]. For other samples, next-to-leading order calculations are used.

4 Signal Models and Signal Regions
This section describes a set of SUSY models targeted by this analysis. We consider signal mod-
els separately for our two sub-searches: the on-Z search, where the invariant mass of the dilep-
ton system is compatible with the mass of the Z boson, and the off-Z or edge search, where the
previous condition does not hold. We also describe at the end of this section, the signal regions
defined to match the expectations from these SUSY models.

4.1 Signal Models

This search is targeting different modes of neutralino decays into a final state with two opposite-
sign same-flavor leptons and Emiss

T coming from the lightest supersymmetric particle (LSP). In
order to study these processes we have considered one simplified model producing a resonant
lepton signature through an on-shell Z boson, and another simplified model producing an edge
like distribution in the invariant mass of the leptons.

The first of these models is targeting Gauge Mediated Supersymmetry Breaking SUSY models
and is referred to as the GMSB scenario. The model assumes the production of a pair of gluinos
that decay into a pair of quarks (u, d, s, c, or b) and the lightest neutralino c̃0

1. This neutralino
decays into an on-shell Z boson and a massless gravitino (see Figure 1). The Z boson decays
into a pair of leptons producing the signature targeted by the on-Z search.

The signal model for the edge search is referred to as slepton-edge. It assumes the production of
a pair of sbottom-squarks b̃, which decay to the next-to-lightest neutralino c̃0

2 and a b-quark.
Two decay modes of the c̃0

2 are considered. In the first one, the c̃0
2 decays to a Z boson and

the lightest neutralino c̃0
1, which is stable. The Z boson can be on-shell or off-shell, depending

on the mass difference between the neutralinos, and decays according to its SM branching
fractions. The second one features subsequent two-body decays with an intermediate slepton
˜̀: c̃0

2 ! ˜̀` ! ``c̃0
1.

4.2 Signal Regions

Signal regions for the on-Z and edge searches follow two principles: first, they are designed to
provide sensitivity to a range of new physics models, including the simplified models defined
above, and secondly, they are designed to investigate excesses in the 8 TeV datasets reported
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cross sections [17–19]. For other samples, next-to-leading order calculations are used.

4 Signal Models and Signal Regions
This section describes a set of SUSY models targeted by this analysis. We consider signal mod-
els separately for our two sub-searches: the on-Z search, where the invariant mass of the dilep-
ton system is compatible with the mass of the Z boson, and the off-Z or edge search, where the
previous condition does not hold. We also describe at the end of this section, the signal regions
defined to match the expectations from these SUSY models.

4.1 Signal Models

This search is targeting different modes of neutralino decays into a final state with two opposite-
sign same-flavor leptons and Emiss

T coming from the lightest supersymmetric particle (LSP). In
order to study these processes we have considered one simplified model producing a resonant
lepton signature through an on-shell Z boson, and another simplified model producing an edge
like distribution in the invariant mass of the leptons.

The first of these models is targeting Gauge Mediated Supersymmetry Breaking SUSY models
and is referred to as the GMSB scenario. The model assumes the production of a pair of gluinos
that decay into a pair of quarks (u, d, s, c, or b) and the lightest neutralino c̃0

1. This neutralino
decays into an on-shell Z boson and a massless gravitino (see Figure 1). The Z boson decays
into a pair of leptons producing the signature targeted by the on-Z search.

The signal model for the edge search is referred to as slepton-edge. It assumes the production of
a pair of sbottom-squarks b̃, which decay to the next-to-lightest neutralino c̃0

2 and a b-quark.
Two decay modes of the c̃0

2 are considered. In the first one, the c̃0
2 decays to a Z boson and

the lightest neutralino c̃0
1, which is stable. The Z boson can be on-shell or off-shell, depending

on the mass difference between the neutralinos, and decays according to its SM branching
fractions. The second one features subsequent two-body decays with an intermediate slepton
˜̀: c̃0

2 ! ˜̀` ! ``c̃0
1.

4.2 Signal Regions

Signal regions for the on-Z and edge searches follow two principles: first, they are designed to
provide sensitivity to a range of new physics models, including the simplified models defined
above, and secondly, they are designed to investigate excesses in the 8 TeV datasets reported
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⌅ Events selected with a logical OR combination of /ET and di-lepton triggers

⌅ 4 signal regions defined according to the leptons, b-jets, jets, /ET and mef f :
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⌅ Events selected with a logical OR combination of /ET and di-lepton triggers

⌅ 4 signal regions defined according to the leptons, b-jets, jets, /ET and mef f :
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} very low SM bkg, broad sensitivity to many SUSY 
scenarios with leptons in the decay chain, key is to 
suppress the low reducible backgrounds
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Signal region N signal
lept N20

bjets N50
jets Emiss

T [GeV] me↵ [GeV]

SR0b3j �3 =0 �3 >200 >550

SR0b5j �2 =0 �5 >125 >650

SR1b �2 �1 �4 >150 >550

SR3b �2 �3 - >125 >650

A. Marzin (CERN) SUSY searches with ATLAS 16 février 2016 41 / 52

13

Same-sign 2L/multileptons

} Gluino pairs → light quarks → 
2 signal regions with b-jet veto
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} Light third generation → 2 signal 
regions with b-jet requirement
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} Signal regions requiring two same sign (or ≥3) leptons and 
jets; varying requirements on #(b)-jets; MET;            meff
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1 lepton + jets + ETmiss
● 6 independent signal regions to address the diCerent mass hierarchies
● Best expected signal region used in each point of the parameter space 

Hard lepton Soft lepton 6 £ pT < 35 GeVpT > 35 GeV

⇒ large mass splittings between    ,      and         masses ⇒ compressed spectra
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Figure 2: Distributions of kinematic variables after a SS/3L selection including (a), (b) Emiss
T > 60 GeV and N25

jet � 2,
(c) a b-jet veto and 80 < m`` < 100 GeV, and (d), (e), (f) distributions in the validation regions. The statistical
uncertainties in the background prediction are included in the uncertainty band, as well as the theory uncertainties
for the backgrounds with prompt SS/3L, and the full systematic uncertainties for data-driven backgrounds. The last
bin includes overflows. The “Fake leptons” category corresponds to FNP leptons (see text), and the “Rare” category
contains the contributions from associated production of tt̄ with h/WW/t/tt̄, as well as tZ, Wh, Zh, and triboson
production. The lower part of the figures (a)–(d) shows the ratio of data to the background prediction.
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Irreducible backgrounds : semi data-driven technique

⌅ Principle : renormalize MC in control regions kinematically close to the signal region

⌅ Define CRs by reverting cuts on 1 or 2 variables we believe are more reliably modelled by MC

Imore robust against potential MC mis-modelling of critical variables
I systematic uncertainties correlated between CR and SR largely cancel out

⌅ compromise between low systematics and statistical uncertainties

⌅ The extrapolation from the CR is validated in intermediate validation regions

Variable 1

V
a
ri

a
b
le

 2

Control
 region

Signal
region

Validation
  region

Validation
  region
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Treatment of backgrounds
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} Irreducible/rare SM backgrounds: TTV, 
VV, VVV from MC 
} check in validation regions, e.g. WZ:

1602.09058 
Same Sign - Multileptons

#lep: 3 
#b-jet: 0 
#jet: 1-3 
MET: 30-200 
pTlep3>30 GeV

} Irreducible/
dominant: 
Renormalize MC 
to data in control 
regions, check 
extrapolation in 
validation regions

Irreducible Reducible

Irreducible backgrounds to
o rare

 for a C
R

Fake+non-prompt leptons: 
from misidentified jets 
heavy flavour decay 
ɣ conversion 

→ loose-to-tight matrix method 
- input from CRs: 

prompt efficiency 
fake rate 

Charge flipping for 
electrons 

from hard bremsstrahlung 
ɣ conversion 
flip rate measured in DY CR 
apply it in 2L OS SR to get 
2L SS background

Data-driven estimates
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Figure 3: Missing transverse momentum distributions after (a) SR0b3j, (b) SR0b5j, (c) SR1b and (d) SR3b selec-
tion, beside the Emiss

T requirement. The results in the signal regions are shown in the last (inclusive) bin of each
plot. The statistical uncertainties in the background prediction are included in the uncertainty band, as well as the
theory uncertainties for the backgrounds with prompt SS/3L, and the full systematic uncertainties for data-driven
backgrounds. The “Fake leptons” category corresponds to FNP leptons (see text), and the “Rare” category contains
the contributions from associated production of tt̄ with h/WW/t/tt̄, as well as tZ, Wh, Zh, and triboson production.

contain three leptons. None of those events contain three leptons of equal charge.

In the absence of any significant deviations from the SM predictions, upper limits on possible BSM
contributions to the signal regions are computed, in particular in the context of the SUSY benchmark
scenarios described in Section 1. The HistFitter framework [69], which utilises a profile-likelihood-ratio
test [70], is used to establish 95% confidence intervals using the CLs prescription [71]. The likelihood is
built as the product of a Poisson probability density function describing the observed number of events
in the signal region and Gaussian distributions constraining the nuisance parameters associated with the
systematic uncertainties whose widths correspond to the sizes of these uncertainties; Poisson distributions
are used instead for MC statistical uncertainties. Correlations of a given nuisance parameter across the
di↵erent sources of backgrounds and the signal are taken into account when relevant. The statistical tests
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2-` same-sign / 3-` analysis : results and interpretation
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Figure 4: Observed and expected exclusion limits on the g̃, b̃1and �̃0
1 masses in the context of 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. For figures (b) and (d), results are compared with the
observed limits obtained by previous ATLAS searches [22, 72, 73]. For figures (a) and (c), a direct comparison with
earlier searches is not possible, due to di↵ering model assumptions.
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} Reaching around 1200 GeV in gluino 
mass, surpassing 8 TeV combined 
limit in compressed region 

} Comparable reach by multi-bin CMS 
analysis
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Multileptons
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} Targeting ~same signals as same-sign analyses 
} categorise events based on #b-jets, HT, MET, on-Z/

other lepton pairs

SUS-16-003 
Multileptons

} Baseline selection: ≥3 well identified 
leptons, passing pT > 20,15,10 GeV  
} mllossf > 12 GeV → reject low mass DY  
} #jets ≥ 2 → reject DY, WZ  
} MET > 50 GeV → reject DY

13

Analysis strategy: signal regions

 Event categorization in signal regions 
(SR) to enhance signal-to-bkg ratio and 
characterize potential excess:

 N
b-jets

 → 0, 1, 2, ≥3

 H
T
 → boundaries: 60, 400, 600

 E
T
miss → boundaries: 50, 150, 300

 15 signal regions for each on and oR-Z

baseline selection

oR-Z on-Z

15 SR 15 SR

  

CRs

distinguish models w or w/o b-quarks

distinguish compressed and 
non-compressed spectra
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section that can be excluded at a 95% confidence level (CL) using the LHC-type CLs method.318

Log-normal nuisance parameters are used to describe the systematic uncertainties listed in319

Section 5.320

The results of the limit setting procedure are shown in Figures 4 and 5. In these figures, the321

thick black lines delineate the observed exclusion region, which is to the left of the line. The322

uncertainty on the observed limit, represented by the thinner black lines, is the propagation the323

of the cross section uncertainties for the relevant signal process. The red dashed lines represent324

the expected limits calculated as if the observation were the predicted background yields. The325

uncertainty on expect limit is a reflection of the uncertainties on the background predictions.326

 [GeV]g~m
800 1000 1200 1400 1600 1800

 [G
eV

]
0 1χ∼

m

0

200

400

600

800

1000

1200

1400

1600

1800

-310

-210

-110

1

 (13 TeV)-12.3 fbCMS  Preliminary 

  NLO+NLL excl.
1
0
χ∼ t t → g~, g~ g~ →pp 

theoryσ 1 ±Observed 
experimentσ 1 ±Expected 

95
%

 C
.L

. u
pp

er
 lim

it 
on

 c
ro

ss
 s

ec
tio

n 
[p

b]

Figure 4: Excluded region at 95% confidence in the m(ec0) versus m(eg) plane for the T1tttt
simplified model. The color scale indicated the excluded cross section at a given point in the
mass plane. The excluded regions are to the left and below the observed and expected limit
curves.

7 Conclusions327

We have presented the analysis strategy to search for beyond the standard model physics in328

final states with � 3 leptons, electrons or muons, using 2.26 fb�1 collected using the CMS de-329

tector at
p

s = 13 TeV. The analysis makes use of data-driven techniques to estimate reducible330

backgrounds and validates simulation for use in estimating irreducible background processes.331

To maximize sensitivity to a broad range of possible signal models, we investigate the 30 ex-332

clusive signal regions described in Section 6.333

4 3 Search strategy

final state without a branching ratio penalty to the rate (Fig. 1d). The LSP in T1tttt, T5qqqqWZ,131

and T6ttWW is a neutralino. In coNLSP, the LSP is a gravitino.132
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Figure 1: Diagrams for gluino and bottom squark pair production which can produce multilep-
ton events: T1tttt, T5tttt, T5qqqqVV (top), T6ttWW (bottom left), and slepton-coNLSP (bottom
right).

For the definition of the signal regions we use several event variables: number of b-jets (Nb jets),133

the hadronic activity (HT), the missing transverse energy (Emiss
T ), and whether the event con-134

tains any opposite-sign, same-flavor dilepton pairs with an invariant mass between 76 and 106135

GeV (on-Z if so, off-Z otherwise).136

The separation in b-jet multiplicities ensures the maximization of the signal-to-background137

ratios for events from different signal models. For example, the T1tttt model features several138

b-jets, which would be categorized into signal regions which are almost free of WZ background139

owing to the b-jet requirement. Including the 0 b-tag signal regions keeps the analysis sensitive140

to signatures without b-jets like the T5qqqqWZ model. Additionally, a categorization in HT141

and Emiss
T is useful to distinguish between compressed and non-compressed SUSY spectra, i.e.142

models with small or large mass differences between the SUSY particles in the decay chain.143

A baseline selection is applied to the dataset to select events of interest: three or more electrons144

or muons fullfilling pT � 20/15/10 GeV, m`` � 12 GeV, Njets � 2, HT � 60, Nb jets � 2, and145

Emiss
T � 50 GeV. Table 1 shows the definition of the subdivision of the baseline selection into 15146

signal regions (SR) each for events that contain on-Z and off-Z dilepton pairs. A set of four SR147

with low or medium HT and low or medium Emiss
T have been defined for each of the b-tag mul-148

tiplicities 0, 1, and 2. Motivated by the low expected yield of events with 3 or more Nb jets, one149

inclusive SR with Emiss
T < 300 and HT < 600 has been defined for high b-tag multiplicities � 3150

(SR 13). Two additional SR with ultra high HT (SR 14) and ultra high Emiss
T (SR 15) respectively151

have been defined as nearly background free SRs since various non-compressed SUSY model152

can yield events with very high Emiss
T or HT. Both of them are inclusive in the number of b-jets153

and priority is given to ultra high Emiss
T region SR 15, meaning that every selected event with154

Emiss
T � 300 is categorized in this region, while the ultra high HT region 14 is populated with155

events with Emiss
T < 300 GeV and HT � 600 GeV.156

 [GeV]miss
TE

40 60 80 100 120 140 160 180 200 220
Ev

en
ts

 / 
25

 G
eV

0

2

4

6

8

10

12

14

=500 GeV0

1
χ∼

=1.3 TeV, mg~m

ttW, ttZ
Rare
Charge-Flip

 cutmiss
T

SR0b3j before E
Data
SM Total
WZ, WW, ZZ
Fake Leptons

0
1
χ∼ qqll→g~SUSY 

ATLAS
-1=13 TeV, 3.2 fbs

SR

> 200

(a)

 [GeV]miss
TE

40 60 80 100 120 140

Ev
en

ts
 / 

25
 G

eV

0

1

2

3

4

5

6

7

8

=400 GeV0

1
χ∼

=1.1 TeV, mg~m

Charge-Flip
ttW, ttZ
Rare

 cutmiss
T

SR0b5j before E
Data
SM Total
WZ, WW, ZZ
Fake Leptons

0
1
χ∼ qqWZ→g~SUSY 

ATLAS
-1=13 TeV, 3.2 fbs

SR

> 125

(b)

 [GeV]miss
TE

40 60 80 100 120 140 160

Ev
en

ts
 / 

25
 G

eV

0

2

4

6

8

10

12

14

16

=50 GeV0

1
χ∼

=600 GeV, mb~m

Charge-Flip
Rare
WZ, WW, ZZ

 cutmiss
TSR1b before E

Data
SM Total
Fake Leptons
ttW, ttZ

0
1
χ∼ tW→1b~SUSY 

ATLAS
-1=13 TeV, 3.2 fbs

SR

> 150

(c)

 [GeV]miss
TE

40 60 80 100 120 140 160

Ev
en

ts
 / 

50
 G

eV

0

1

2

3

4

5

6

7

= 0.7 TeV0

1
χ∼

= 1.2 TeV, mg~m

Charge-Flip
Fake Leptons
WZ, WW, ZZ

 cutmiss
TSR3b before E

Data
SM Total
ttW, ttZ
Rare

0
1
χ∼t t→g~SUSY 

ATLAS
-1=13 TeV, 3.2 fbs

SR

> 125

(d)

Figure 3: Missing transverse momentum distributions after (a) SR0b3j, (b) SR0b5j, (c) SR1b and (d) SR3b selec-
tion, beside the Emiss

T requirement. The results in the signal regions are shown in the last (inclusive) bin of each
plot. The statistical uncertainties in the background prediction are included in the uncertainty band, as well as the
theory uncertainties for the backgrounds with prompt SS/3L, and the full systematic uncertainties for data-driven
backgrounds. The “Fake leptons” category corresponds to FNP leptons (see text), and the “Rare” category contains
the contributions from associated production of tt̄ with h/WW/t/tt̄, as well as tZ, Wh, Zh, and triboson production.

contain three leptons. None of those events contain three leptons of equal charge.

In the absence of any significant deviations from the SM predictions, upper limits on possible BSM
contributions to the signal regions are computed, in particular in the context of the SUSY benchmark
scenarios described in Section 1. The HistFitter framework [69], which utilises a profile-likelihood-ratio
test [70], is used to establish 95% confidence intervals using the CLs prescription [71]. The likelihood is
built as the product of a Poisson probability density function describing the observed number of events
in the signal region and Gaussian distributions constraining the nuisance parameters associated with the
systematic uncertainties whose widths correspond to the sizes of these uncertainties; Poisson distributions
are used instead for MC statistical uncertainties. Correlations of a given nuisance parameter across the
di↵erent sources of backgrounds and the signal are taken into account when relevant. The statistical tests

13

1602.09058 
Same Sign 
Multileptons

} No excess in 
CMS multi-bin 
analysis  

} No excess in 
ATLAS search 
region



  17 March 2016

 [GeV]g~m
600 800 1000 1200 1400 1600 1800

 [G
eV

]
10 χ∼

m

0

200

400

600

800

1000

1200

1400

1600 CMS Preliminary

1
0χ∼t t→ g~,  g~g~ →pp Moriond 2016

ExpectedObserved

 (13 TeV)-1SUS-15-004, 1-lep (Razor), 2.1 fb
 (13 TeV)-1), 2.3 fbφ∆SUS-15-006, 1-lep (
 (13 TeV)-1), 2.2 fbJSUS-15-007, 1-lep (M

 (13 TeV)-12-lep (SS), 2.2 fb≥SUS-15-008, 
 (13 TeV)-13-lep, 2.3 fb≥SUS-16-003, 

 (8 TeV)-13-lep, 19.5 fb≥SUS-14-010, 0+1+2+

) [GeV]g~m(
1000 1200 1400 1600 1800 2000 2200

) [
G

eV
]

0 1χ∼
m

(

200

400

600

800

1000

1200

1400 ATLAS Preliminary

-1 = 13 TeV, 3.2 fbs

0
1

χ∼t t→g~
 3b jets expected≥
 3b jets observed≥

SS leptons expected
SS leptons observed
Run I expected
Run I observed

 3b jets: to appear≥

SS leptons: arXiv:1602.09058
Run I: arXiv:1507.05525

t
)+t

1
0

χ∼
)<m

(
g~

m(

Limits T1tttt

17

} Putting limits in the neutralino/gluino mass plane 
} 1-lep analyses exceed 8 TeV 0…n-lep limit by ≳200 GeV 

(CMS)/≳300 GeV (ATLAS) in gluino mass

SUS-15-008 
Same Sign

SUS-16-003 
Multileptons

SUS-15-006 
Δɸ (≥1b)

SUS-15-007 
MJ (≥1b)

P1

P2
g̃

tt

�̃0
1

g̃

tt

�̃0
1P1

P2
g̃

tt

�̃0
1

g̃

tt

�̃0
1

1602.09058 
Same Sign - Multileptons

Covered by  
Christopher yesterday



  17 March 2016

3

P1

P2

g̃

g̃

χ̃0
1

χ̃0
1

q
q

G̃

Z

Z

˜G

q
q

P1

P2

˜b

˜b∗

χ̃0
2

χ̃0
2

Z(∗)

˜l

b
f

f

χ̃0
1

χ̃0
1

ℓ−

ℓ+
b

Figure 1: Feynman diagrams for gluino and b̃ pair production and decays realized in the sim-
plified models. The GMSB model targeted by the on-Z search is shown on the left. On the
right, the slepton-edge model features characteristic edges in the m`` spectrum given by the
mass difference of the c̃0

2 and c̃0
1.

cross sections [17–19]. For other samples, next-to-leading order calculations are used.

4 Signal Models and Signal Regions
This section describes a set of SUSY models targeted by this analysis. We consider signal mod-
els separately for our two sub-searches: the on-Z search, where the invariant mass of the dilep-
ton system is compatible with the mass of the Z boson, and the off-Z or edge search, where the
previous condition does not hold. We also describe at the end of this section, the signal regions
defined to match the expectations from these SUSY models.

4.1 Signal Models

This search is targeting different modes of neutralino decays into a final state with two opposite-
sign same-flavor leptons and Emiss

T coming from the lightest supersymmetric particle (LSP). In
order to study these processes we have considered one simplified model producing a resonant
lepton signature through an on-shell Z boson, and another simplified model producing an edge
like distribution in the invariant mass of the leptons.

The first of these models is targeting Gauge Mediated Supersymmetry Breaking SUSY models
and is referred to as the GMSB scenario. The model assumes the production of a pair of gluinos
that decay into a pair of quarks (u, d, s, c, or b) and the lightest neutralino c̃0

1. This neutralino
decays into an on-shell Z boson and a massless gravitino (see Figure 1). The Z boson decays
into a pair of leptons producing the signature targeted by the on-Z search.

The signal model for the edge search is referred to as slepton-edge. It assumes the production of
a pair of sbottom-squarks b̃, which decay to the next-to-lightest neutralino c̃0

2 and a b-quark.
Two decay modes of the c̃0

2 are considered. In the first one, the c̃0
2 decays to a Z boson and

the lightest neutralino c̃0
1, which is stable. The Z boson can be on-shell or off-shell, depending

on the mass difference between the neutralinos, and decays according to its SM branching
fractions. The second one features subsequent two-body decays with an intermediate slepton
˜̀: c̃0

2 ! ˜̀` ! ``c̃0
1.

4.2 Signal Regions

Signal regions for the on-Z and edge searches follow two principles: first, they are designed to
provide sensitivity to a range of new physics models, including the simplified models defined
above, and secondly, they are designed to investigate excesses in the 8 TeV datasets reported

} ATLAS reported 3σ in the on-Z 
region at 8 TeV  
} Large neutralino-mass        

difference → more                        
on-Z events

} CMS observed a 2.6σ deviation in the 
off-Z region at 8 TeV 
} off-Z: Off-shell Z-boson or slepton 

decays  lead to a characteristic  
edge            shape in mll
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Opposite sign dilepton searches (8 TeV)
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Figure 4. Fit results for the signal-plus-background hypothesis in comparison with the measured
dilepton mass distributions, in the central (top) and forward (bottom) regions, projected on the
same-flavor (left) and opposite-flavor (right) event samples. The combined fit shape is shown as a
blue, solid line. The individual fit components are indicated by dashed lines. The flavor-symmetric
(FS) background is displayed with a black dashed line. The Drell-Yan (DY) background is displayed
with a red dashed line. The extracted signal component is displayed with a green dashed line. The
lower plots show the pull distributions, defined as (Ndata −Nfit)/σdata.

Figure 6 presents a comparison of the data and the SM simulation in the central region.

Expectations for the fixed-edge bottom-squark pair-production scenario of figure 1 (left),

with mass combinations (mb̃,mχ̃0
2
) = (225, 150)GeV, (350, 275)GeV, and (400, 150)GeV

– 13 –
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Z! `` + /ET analysis : results and interpretation
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} ATLAS: Excess 
reestablished at 13 TeV 

} CMS: No excess in “a la 
ATLAS” signal region 
pred./obs.: 12/12 

} Revisiting with more 
data this summer…

OS dilepton searches (13 TeV)

19

} CMS: Revisited off-Z excess of 8 TeV 
analysis 
} SUSY interpretation of 8 TeV excess 

disfavoured in view of 13 TeV data 
} Extensions:  
} introduce b-tag exclusive regions 
} add below-Z/above-Z region

16 References
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Figure 6: The di-lepton invariant mass spectra for central leptons. The data is shown as black
points, while the total background estimate and its uncertainty are shown as a solid blue line
surrounded by a shaded blue band. The Drell-Yan background is shown as a shaded green
area. The signal shape measured by CMS with 8 TeV data has been overlaid on top of the
background prediction and has been normalized to the size of the excess observed at 8 TeV
scaled by the ratio of integrated luminosity and cross sections for 3 different sbottom mass
hypothesis.
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Reminder: increased reach @ 13 TeV 

15/12/2015 CMS Collaboration - 13 TeV Results 
12 

13 TeV with 2.2 fb-1
 

potentially more sensitive 
than 8 TeV (19.8 fb-1) 

Reminder: increased reach @ 13 TeV 

15/12/2015 CMS Collaboration - 13 TeV Results 
12 

13 TeV with 2.2 fb-1
 

potentially more sensitive 
than 8 TeV (19.8 fb-1) SM
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} Broad set of searches done at 13 TeV by 
ATLAS and CMS with leptons in the final state 

} Detectors and methods in good shape, need 
more data to make another jump in sensitivity

Conclusions

20

} First round of 13 TeV excitement 
with Jamboree results in 
December + Moriond 

} Pushed limits beyond 8 TeV 
results by 200-300 GeV up to      
~~~ ≳1700 GeV for T1tttt. No 
huge surprises, yet.

} Expecting ~30 fb
-1

 this year (Jörg’s talk) 
} Hopefully it will not be about setting 

limits this year… 
} … some places to look at first!

?
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} Hopefully the BSM sky 
clears up this year
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5.1 Overview and kinematic properties of background events 9
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Figure 4: Distribution of single lepton tt, dilepton tt, and T1tttt(1500,100) events in the MJ-mT

plane after baseline selection. Each marker represents one expected event at L = 3 fb�1. The
correlation coefficients r are shown in the legend.

Sub-binning R2 and R4

22

• Low MJ region only has low and high MET bins. Integrating over other variables to better 
constrain R(mT) using R1 and R3. Introduces correlations across bins, but this is tolerable. 

• R2 and R4 also binned in Njets and Nb to take advantage of high (b-)jet multiplicity of signal 

• ABCD constraint requires NR4/NR2 ratio match corresponding NR3/NR1 ratio

Nb=1, 
Nb=2, 
Nb≥3
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R1: 2 bins MET: 
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R3: 2 bins
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R4: 10 bins

R2: 10 bins
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6≤Njets≤8 Njets≥9
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m
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Figure 5: Binning used in the signal (R4) and control regions (R1, R2, and R3) of the analysis.
The low MJ region R1 and R3 are divided only into low and high MET regions. Because of the
correlation with mT, binning in MET is necessary in the low MJ sideband to obtain the correct
mT shape. At high MJ , we partition regions R2 and R4 into 10 bins each using Njets, Nb, and
Emiss

T .
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Search region binning

10

Requirements for search bins:

> Enough statistics is available in all bins

> Extreme combinations like very low HT and very high LT  
(and vice versa) are avoided

> Bin boundaries in HT and LT are aligned for both zero- and multi-b analyses

PAS

6 4 Trigger, simulation and event selection

Table 1: Signal regions and the corresponding DF requirement.

njet nb-tag LT [GeV] HT [GeV] DF

[6,8]
= 1,= 2,� 3 [250, 350] [500, 750], � 750 1.0

[350, 450] [500, 750], � 750 0.75
= 1,� 2 [450, 600] [500, 1250], � 1250

� 600 [500, 1250], � 1250 0.5

� 9

= 1, = 2
[250, 350]

[500, 1250],� 1250 1.0� 3 � 500
= 1,= 2,� 3 [350, 450] � 500 0.75

= 1,� 2 � 450 � 500
5

0

[250, 350], [350, 450], � 450 � 500 1.0
[6,7] [250, 350], [350, 450] [500, 750], � 750

� 450 [500, 1000], � 1000 0.75

� 8 [250, 350] [500, 750], � 750 1.0
[350, 450], � 450 � 500 0.75
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Figure 3: Comparison of the DF distribution for the multi-b (left) and zero-b analysis (right)
after the preselection, requiring at least six jets for the multi-b analysis, of which at least one
is b-tagged, and at least five jets for the zero-b analysis, with no b-tagged jet. A minimum HT
of 500 GeV and a minimum LT of 250 GeV is required in addition to exactly one lepton with
pT > 25 GeV. The simulated background events are stacked on each other, and several signal
points are overlayed without being stacked for illustration. For the multi-b analysis, the model
T1t4 1.2/0.8 (T1t4 1.5/0.1) corresponds to a gluino mass of 1.2 TeV (1.5 TeV) and neutralino mass
of 0.8 TeV (0.1 TeV), respectively. For the zero-b analysis, the model T5q4WW 1.0/0.7 (T5q4WW
1.2/0.8 and T5q4WW 1.5/0.1) corresponds to a gluino mass of 1.0 TeV (1.2 TeV and 1.5 TeV) and
neutralino mass of 0.7 TeV (0.8 TeV and 0.1 TeV), respectively. For the latter, the intermediate
chargino mass is fixed at 0.85 TeV (1.0 TeV and 0.8 TeV).
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“Zero-b” 
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Table 2: Overview of the selection criteria for the soft-lepton signal regions. p`T refers to signal leptons and p`2
T

refers to preselected leptons.

2-jet soft-lepton SR 5-jet soft-lepton SR
Nlep = 1 = 1
p`T

e(µ) (GeV) 7(6) - 35 7(6) - 35
p`2

T
e(µ) (GeV) < 7(6) < 7(6)

Njet � 2 � 5
pT

jet (GeV) > 180, 30 > 200, 200, 200, 30, 30
Emiss

T (GeV) > 530 > 375
mT (GeV) > 100 -
Emiss

T /mincl
e� > 0.38 -

HT (GeV) - > 1100
Jet aplanarity - > 0.02

b-tagging e�ciency of 77% in simulated tt̄ events, along with a rejection factor of 140 for gluon and
light-quark jets and of 4.5 for charm jets [68, 69].

Signal muons and electrons in the soft-lepton and hard-lepton channels are subject to an additional
pT<35 GeV and pT �35 GeV requirement, respectively. Electrons must satisfy likelihood-based Tight
criteria which are defined in Ref. [63]. In both channels, signal leptons must satisfy the GradientLoose [64]
isolation requirements, which rely on the use of tracking-based and calorimeter-based variables and
implements a set of ⌘- and pT-dependent criteria. The e�ciency for prompt leptons from Z ! `` with
transverse momentum > 25 GeV (>60 GeV) satisfying the GradientLoose requirements is measured to be
95% (98%) [64].

To enforce compatibility with the primary vertex, the distance |z0 · sin(✓) | is required to be <0.5 mm for
both signal electron and signal muon tracks, where z0 is the longitudinal impact parameter with respect to
the primary-vertex position. Moreover, the distance of closest approach of the lepton track to the proton
beam line divided by the corresponding uncertainty, |d0/�(d0) |, must be less than 3 for muons and less
than 5 for electrons.

5. Event Selection

Events collected by the trigger are required to have a reconstructed primary vertex. An event is rejected
if it contains a preselected jet which fails to satisfy the quality criteria designed to suppress non-collision
backgrounds and detector noise [62]. Exactly one signal lepton is required in both the soft- and hard-lepton
channels. Any event with additional preselected leptons is vetoed to suppress the dilepton tt̄, single top
(Wt-channel) and diboson backgrounds.

A dedicated optimisation strategy has been performed to design signal region (SR) selection criteria and
to maximise the discovery sensitivity. Four hard-lepton signal regions and two soft-lepton signal regions
are defined, targetting di�erent mass hierarchies in the simplified model. The selection criteria used to
define the various signal regions in this paper are summarised in Table 2 for the soft-lepton signal regions
and in Table 3 for the hard-lepton signal regions.

7

Table 3: Overview of the selection criteria for the hard-lepton signal regions. p`T refers to signal leptons and p`2
T

refers to preselected leptons. The mass ratio parameter x used in the signal region labels is defined in Section 3.

4-jet high-x SR 4-jet low-x SR 5-jet SR 6-jet SR
Nlep = 1 = 1 = 1 = 1
p`T (GeV) > 35 > 35 > 35 > 35
p`2

T (GeV) < 10 < 10 < 10 < 10
Njet � 4 � 4 � 5 � 6
pT

jet (GeV) > 325, 30,... , 30 > 325, 150,... , 150 > 225, 50,... , 50 > 125, 30,... , 30
Emiss

T (GeV) > 200 > 200 > 250 > 250
mT (GeV) > 425 > 125 > 275 > 225
Emiss

T /mincl
e� > 0.3 - > 0.1 > 0.2

mincl
e� (GeV) > 1800 > 2000 > 1800 > 1000

Jet aplanarity - > 0.04 > 0.04 > 0.04

The following observables are used in the event selection to define the signal regions.

The transverse mass (mT) of the lepton (`) and pmiss
T is defined as

mT =

q
2p`TEmiss

T (1 � cos[��(~̀, pmiss
T )]), (1)

where ��(~̀, pmiss
T ) is the azimuthal angle between the lepton and the missing transverse momentum.

This is used in the soft-lepton 2-jet signal region and all hard-lepton signal regions to reject W+jets and
semileptonic tt̄ events.

The inclusive e�ective mass (minc
e� ) is the scalar sum of the pT of the lepton, the jets and Emiss

T :

minc
e� = p`T +

NjetX

j=1
pT, j + Emiss

T , (2)

where the index j runs over all the signal jets in the event with pT > 30 GeV. The inclusive e�ective mass
provides good discrimination against SM backgrounds, without being too sensitive to the details of the
SUSY cascade decay chain.

The transverse scalar sum (HT) is defined as

HT = p`T +
NjetX

j=1
pT, j, (3)

where the index j runs over all the signal jets in the event with pT > 30 GeV. The HT variable is employed
in the soft-lepton 5-jet signal region, where many energetic jets in the signal model render this variable
useful to separate signal from background.

The ratio Emiss
T /minc

e� is used in both soft- and hard-lepton channels; it provides good discrimination power
between signal and background with fake Emiss

T due to instrumental e�ects.

Additional suppression of background processes is based on the aplanarity variable which is defined as
A = 3

2 �3, where �3 is the smallest eigenvalue of the normalised momentum tensor of the jets [70].
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Table 5: Results for the edge-like search in all 30 signal regions. The DY contribution to the
total background is given separately in the brackets. All signal regions require Emiss

T > 150 if
Njets � 2 or Emiss

T > 100 if Njets � 3.
N

b-jets

� 0 N
b-jets

= 0 N
b-jets

� 1

m`` range [GeV] pred. total (DY) obs. pred. total (DY) obs. pred. total (DY) obs.

central

20 - 70 470.9 ± 29.9
437

126.7 ± 12.3
132

344.2 ± 23.9
305

( 4.6 ± 1.3) ( 3.4 ± 1.0) ( 1.2 ± 0.3)

70 - 81 132.2 ± 12.6
129

38.2 ± 6.2
33

93.9 ± 10.4
96

( 2.6 ± 0.7) ( 2.0 ± 0.6) ( 0.7 ± 0.2)

81 - 101 247.9 ± 17.8
271

93.1 ± 10.5
106

154.8 ± 13.4
165

( 59.3 ± 7.8) ( 44.4 ± 7.6) ( 14.9 ± 2.1)

101 - 120 164.7 ± 14.5
163

48.1 ± 7.0
42

116.6 ± 11.8
121

( 2.0 ± 0.6) ( 1.5 ± 0.5) ( 0.5 ± 0.1)

> 120 467.8 ± 29.9
507

109.9 ± 11.4
141

357.9 ± 24.6
366

( 1.5 ± 0.4) ( 1.1 ± 0.3) ( 0.4 ± 0.1)

forward

20 - 70 107.6 ± 11.9
135

34.7 ± 6.0
45

72.9 ± 9.4
90

( 1.5 ± 0.4) ( 1.1 ± 0.3) ( 0.4 ± 0.1)

70 - 81 46.6 ± 7.1
50

15.0 ± 3.7
14

31.7 ± 5.7
36

( 1.2 ± 0.3) ( 0.9 ± 0.3) ( 0.3 ± 0.1)

81 - 101 98.9 ± 10.1
92

44.4 ± 5.9
40

54.5 ± 7.5
52

( 23.1 ± 3.0) ( 17.3 ± 2.7) ( 5.8 ± 1.2)

101 - 120 76.7 ± 9.6
54

22.3 ± 4.7
19

54.3 ± 7.8
35

( 0.9 ± 0.3) ( 0.7 ± 0.2) ( 0.2 ± 0.1)

> 120 299.4 ± 25.0
298

84.9 ± 10.3
92

214.5 ± 19.4
206

( 0.7 ± 0.2) ( 0.5 ± 0.2) ( 0.2 ± 0.1)

7.1 Systematic uncertainty on signal events

The systematic uncertainties on the signal events have been evaluated as the difference be-
tween the nominal yields and the yields obtained after making a variation on the source of the
systematic effect. The uncertainty related to the measurement of the integrated luminosity is
4.6%. The uncertainty related to the parton distribution functions (PDF) is evaluated using the
PDF4LHC recommendations and amounts to up to 10% in the signal acceptance. The uncer-
tainty of the corrections to account for reconstruction differences between data and simulation
is 3% on signal acceptance for the lepton identification and isolation, and 5% (2%) for the b-
tagging efficiency for heavy (light) flavor. A further systematic uncertainty of 6% is considered
to account for differences between fast and full simulations for leptons. A trigger efficiency of
93% as measured in data is applied as an overall factor to the signal simulation with a system-
atic uncertainty of 5%. The uncertainty in the jet energy scale varies between 2-5% depending
on the signal kinematics. The uncertainty associated with the modeling of initial-state radia-
tion (ISR) is 1%. The uncertainty in the correction to account for pileup in the simulation is
evaluated by shifting the inelastic cross section by ± 5% and amounts to less than 5% on sig-
nal acceptance. Finally the statistical uncertainty on the number of simulated events is also
considered and found to be in the range 5–20%. These uncertainties are summarized in Table 6.

7.2 Interpretation of the on-Z search

Since the GMSB model is expected to have a large number of jets, most of the sensitivity comes
from the SRB category. We use the procedure explained above to set upper limits on this model.
The results are presented in Figure 5. We exclude gluino masses up to 1.3 (1.1) TeV for large
(small) neutralino masses. These results show an improvement with respect to the 8 TeV result
where we saw an observed and expected limit for gluino masses from 1 to 1.1 TeV.

The CMS 13 TeV results in the ATLAS-SR reported an excess [3] lead to an upper limit on the
number of signal events of 9. If we assume that the excess reported by ATLAS (consisting of
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Table 4: Results for the on-Z search, binned in all the variables.
Njets/HT Nb�jets Emiss

T predicted observed

== 0

100-150 28.2 +5.4
�4.8 28

SRA 150-225 8.7 +3.2
�1.9 6

225-300 3.3 +2.5
�1.0 5

2- 3 jets > 300 1.9 +1.4
�0.7 6

and HT > 400 � 1

100-150 14.2 +4.4
�3.3 21

150-225 5.8 +3.4
�2.1 6

225-300 5.0 +3.3
�2.0 1

> 300 1.6 +2.4
�0.9 3

== 0

100-150 23.1 +4.9
�3.7 20

SRB 150-225 8.2 +3.4
�2.1 10

225-300 0.8 +1.2
�0.2 2

� 4 jets

> 300 1.5 +2.4
�0.9 0

� 1

100-150 44.6 +7.7
�6.6 43

150-225 16.7 +5.1
�3.9 22

225-300 0.6 +1.2
�0.3 3

> 300 1.4 +2.4
�0.9 3

ATLAS - SR:

HT+pl1
T +pl2

T > 600 GeV Emiss
T > 225 GeV DfEmiss

T ,j1,j2
> 0.4 12.0 +4.0

�2.8 12

A graphical interpretation of these numbers is shown in Figure 2 where the Emiss
T distribution

for signal regions SRA and SRB can be seen for all regions with a b-tagged jet-veto and for those
requiring at least on b-tagged jet as well as for the ATLAS signal region.

6.2 Results for the edge-like search

As discussed in Section 4, the edge-like search features two distinct m`` spectra, each of which
is divided into five sections. This leads to a total of 10 mutually exclusive signal regions that
are further divided according to the presence or not of any b-tagged jet in the event. To be
consistent with the 8 TeV search, we also provide the information without any selection on
the number of b-tagged jets. The results of the m`` spectra can be seen in Figure 3. Table 5
summarizes the SM predictions and the observations in said signal regions.

6.3 Summary of the results

A representation of the results in the several signal regions of both the on-Z and the edge search
is shown in Figure 4. For each region, the data yield and background estimate are compared,
providing an overview of the general agreement of observation and expectation. In case of the
edge search, the contribution of Drell–Yan backgrounds is shown separately to illustrate the
degree to which the background in this search is dominated by flavour-symmetric processes
outside of the on-Z mass range.

7 Interpretation
In this section we interpret the results of the analysis in terms of the simplified models de-
scribed in section 4. In order to quantify the sensitivity of the on-Z search we have produced
a simulated GMSB sample scan and calculated the upper limits at 13 TeV. We also calculate
the upper limit for the number of expected signal events for the so called ATLAS region. For
the edge search, the expectations from the 8 TeV excess in the signal model slepton-edge (and
similar but based on gluino production) at 13 TeV, are compared to the upper limit of signal

SUS-15-011 
Edge/on-Z defined, with selection criteria similar to those of the SR, to estimate the contribution from the dominant

SM backgrounds in the SR. The various methods used to perform the background prediction in the SR
are discussed in Section 6. To provide cross-checks on the background estimation procedures, various
validation regions (VR) are defined to be analogous to the CRs and SR, but with lower Emiss

T or HT.
Other VRs with additional requirements on the number of leptons are used to validate the modelling of
backgrounds in which more than two leptons are expected.

The selection criteria for the CRs, VRs and SR are summarised in Table 2. For the combined ee + µµ
channels, the typical signal acceptance times e�ciency values for the signal models considered in SRZ
are 2–8%.

Region Emiss
T HT njets m`` SF/DF ��(jet12, p

miss
T ) mT(`3, Emiss

T ) nb-jets
[GeV] [GeV] [GeV] [GeV]

Signal regions

SRZ > 225 > 600 � 2 81 < m`` < 101 SF > 0.4 - -

Control regions

Z normalisation < 60 > 600 � 2 81 < m`` < 101 SF > 0.4 - -
CR-FS > 225 > 600 � 2 61 < m`` < 121 DF > 0.4 - -
CRT > 225 > 600 � 2 m`` < [81, 101] SF > 0.4 - -

Validation regions

VRZ < 225 > 600 � 2 81 < m`` < 101 SF > 0.4 - -
VRT 100–200 > 600 � 2 m`` < [81, 101] SF > 0.4 - -
VRS 100–200 > 600 � 2 81 < m`` < 101 SF > 0.4 - -
VR-FS 100–200 > 600 � 2 61 < m`` < 121 DF > 0.4 - -
VR-WZ 100–200 - - - 3` - < 100 0
VR-ZZ < 100 - - - 4` - - 0
VR-3L 60–100 > 200 � 2 81 < m`` < 101 3` > 0.4 - -

Table 2: Overview of all signal, control and validation regions used in this search. More details are given in the text.
The flavour combination of the dilepton pair is denoted as either “SF” for same-flavour or “DF” for di�erent flavour.
In the case of VR-WZ and VR-ZZ the number of leptons, rather than a specific flavour configuration, is indicated.

6 Background estimation

The dominant background processes in the signal region are tt̄, WW and Wt production. These back-
grounds comprise so-called “flavour-symmetric” processes, with a ratio of 1:1:2 for ee, µµ and eµ
dileptonic branching fractions. This group of backgrounds also includes Z ! ⌧⌧, and constitutes approx-
imately 60% of the expected background in the SR. From MC, this 60% is expected to be composed of
approximately 70% tt̄, 20% WW , 8% Wt and < 1% Z ! ⌧⌧.
The Z/�⇤ + jets background requires large Emiss

T from instrumental e�ects or from neutrinos in jet
fragmentation to enter the SR. This background is small but must be carefully assessed since it would
peak in the Z window.

7

2015-082 
on-Z



  17 March 2016

Multilepton signal regions

27

5

Table 1: multilepton signal region definition
Njets Nb jets Emiss

T (GeV) 60 GeV  HT < 400 GeV 400 GeV  HT < 600 GeV HT � 600 GeV

� 2

0 50 � 150 SR1 SR3

SR14

150 � 300 SR2 SR4

1 50 � 150 SR5 SR7
150 � 300 SR6 SR8

2 50 � 150 SR9 SR11
150 � 300 SR10 SR12

� 3 50 � 300 SR13
inclusive � 300 SR15

• Nonprompt leptons: Nonprompt or misidentified leptons are leptons from heavy-156

flavour decays, misidentified hadrons, muons from light-meson decays in flight, or157

electrons from unidentified photon conversions. For this analysis tt events can enter158

the signal regions if nonprompt leptons are present in addition to the prompt lep-159

tons from the W decays. The tt events show typically low HT and Emiss
T and therefore160

predominately populate the signal regions 1 and 5, with 0 and 1 b-tagged jet respec-161

tively. Apart from tt, Drell-Yan events can enter the baseline selection, however they162

are largely supressed by the Emiss
T > 50 GeV cut. Processes which yield only one163

prompt lepton in addition to non-prompt ones like W+jets and various single top164

channels are effectively suppressed by the three lepton requirement because of the165

low probablity that two non-prompt leptons pass the tight identification and isola-166

tion requirements.167

• Diboson production: Diboson production could yield multilepton final states with168

up to three prompt leptons in WZ prompt leptons and up to four prompt leptons169

in ZZ production, being therefore an irreducible background. Especially in signal170

regions without b-tagged jets, WZ production has a sizable contribution. To estimate171

this background, its yield as obtained from simulation is scaled using a scale factor172

measured in a dedicated control region enriched in WZ events.173

• Rare SM processes: Other rare SM processes that can yield three or more leptons174

are ttW, ttZ, and tri-boson production VVV where V= W, Z. We also include the con-175

tribution from the SM Higgs boson produced in association with a vector boson or a176

pair of top quarks in this category of backgrounds, as well as processes that produce177

additional leptons from internal conversions, which are events that contain a virtual178

photon that decays to leptons. The internal conversion background components,179

X+G, are heavily suppressed by the Emiss
T > 50 GeV and Njets � 2 cuts. Those rare180

backgrounds are obtained from simulation and appropriate systematic uncertainties181

are assigned.182

The background contribution from nonprompt and misidentified leptons is estimated using183

the tight-to-loose ratio method. In this method, an application region made up of events that184

contain at least one of the leptons failing the full set of tight identification and isolation require-185

ments but passing the loose requirements is weighted by f /(1 � f ), where the tight-to-loose186

ratio f is the probability that a loosely identified nonprompt lepton also passes the full set of187

requirements. This ratio is measured as a function of lepton pT and h in a control sample of188

QCD multijet events that is enriched in nonprompt leptons (measurement region). Exactly one189

lepton passing the loose object selection is required in the event. Additionally, one recoiling190

jet with DR(jet, `) > 1.0 and low Emiss
T and MT, both < 20 GeV are required to suppress events191

with leptons from W and Z decays, where MT is the transverse mass of the lepton and the Emiss
T192

vector. The remaining contribution from these electroweak processes within the measurement193
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Table 3: Signal region definitions for the HH lepton selection.

Nb jets Mmin
T (GeV) Emiss

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

0

< 120
50 � 200 2-4 SR1 SR2

SR32

5+

SR3

SR4

200 � 300 2-4 SR5
5+ SR6

> 120
50 � 200 2-4 SR7

5+
SR8200 � 300 2-4

5+

1

< 120
50 � 200 2-4 SR9 SR10

5+

SR11

SR12

200 � 300 2-4 SR13
5+ SR14

> 120
50 � 200 2-4 SR15

5+
SR16200 � 300 2-4

5+

2

< 120
50 � 200 2-4 SR17 SR18

5+

SR19

SR20

200 � 300 2-4 SR21
5+ SR22

> 120
50 � 200 2-4 SR23

5+
SR24200 � 300 2-4

5+

3+
< 120 50 � 200 2+ SR25 SR26

200 � 300 2+ SR27 SR28

> 120 > 50 2+ SR29 SR30

inclusive inclusive > 300 2+ SR31

is dominated by tt and W + jets processes; it represents the largest backgrounds for
regions with low Mmin

T and low HT.
• SM processes with SS leptons: Standard model processes yield SS leptons, mostly

from diboson production and bosons produced in association with a pair of top
quarks; the dominant sources are WZ and ttW events for signal regions with zero
and one or more b jets, respectively. They are the largest background in the signal
regions defined by very tight selection requirements.

• Charge misidentification: Events with opposite-sign isolated leptons where the
charge of one electron is misidentified because of severe bremsstrahlung in the tracker
material. Overall, this is a small background.

Nonprompt lepton background is estimated from data using the “tight-to-loose” (TL) ratio
method, which was already employed in previous versions of the analysis, but has been re-
visited and improved. It is based on a control sample of events (application region) where
one lepton fails the nominal selection but passes looser requirements defined by relaxing the
isolation selection for muons and both isolation and identification for electrons. Events in this
control region are reweighted by TL/(1 � TL), where TL is the probability for a nonprompt
lepton passing the loose selection to also pass the tight selection. This probability is measured
in a QCD-enriched data set (measurement region), from single-lepton events after a selection
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Table 4: Signal region definitions for the HL lepton selection.

Nb jets Mmin
T (GeV) Emiss

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

0 < 120
50 � 200 2-4 SR1 SR2

SR26

5+
SR3

SR4

200 � 300 2-4 SR5
5+ SR6

1 < 120
50 � 200 2-4 SR7 SR8

5+
SR9

SR10

200 � 300 2-4 SR11
5+ SR12

2 < 120
50 � 200 2-4 SR13 SR14

5+
SR15

SR16

200 � 300 2-4 SR17
5+ SR18

3+ < 120 50 � 200 2+ SR19 SR20
200 � 300 2+ SR21 SR22

inclusive > 120 50 � 300 2+ SR23 SR24
inclusive inclusive > 300 2+ SR25

Table 5: Signal region definitions for the LL lepton selection. The HT > 300 GeV requirement is
applied in all search regions in this category.

Nb jets Mmin
T (GeV) HT (GeV) Emiss

T 2 [50 � 200] GeV Emiss
T > 200 GeV

0 < 120

> 300

SR1 SR2
1 < 120 SR3 SR4
2 < 120 SR5 SR6

3+ < 120 SR7
inclusive > 120 SR8

suppressing electroweak processes (Drell–Yan and W + jets) and after subtracting their resid-
ual contribution. The measurement is done as function of the lepton pT and h, separately for
each lepton flavor (e or µ) and trigger (with or without isolation).
The method works as long as the probability measured in the measurement region is the same
as in the application region; any discrepancy will lead to an incorrect prediction. The main
sources of discrepancies are identified as differences in the momentum spectrum and the fla-
vor of the parton producing the nonprompt lepton. These two effects are mitigated in the
following way. The TL ratio is parameterized as a function of pcorr

T , defined as the lepton pT
plus the energy in the isolation cone exceeding the isolation threshold value — this quantity
is highly correlated with the mother parton pT, and thus the parameterization is more robust
against mother parton pT variations. The second effect, i.e. flavor dependence, is relevant for
electrons only; in fact nonpompt muons originate predominantly from heavy-flavor decays,
while in the case of electrons there are also sizable contributions from light-flavor quarks and
conversions. The effect of variations in the flavor composition is suppressed by adjusting the
loose electron identification criteria so that the numerical value of the TL ratio for electrons
from light flavors matches the one for electrons from heavy flavors. The procedure to define
the loose electron working point is carried out in a tt MC sample, and the result is validated in
data by verifying that no significant variation in the TL ratio measurement is observed in the
presence or absence of b jets in the event.
As a cross-check of the prediction, along the lines of what was done in a recent ATLAS pub-
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Table 4: Signal region definitions for the HL lepton selection.

Nb jets Mmin
T (GeV) Emiss

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

0 < 120
50 � 200 2-4 SR1 SR2

SR26

5+
SR3

SR4

200 � 300 2-4 SR5
5+ SR6

1 < 120
50 � 200 2-4 SR7 SR8

5+
SR9

SR10

200 � 300 2-4 SR11
5+ SR12

2 < 120
50 � 200 2-4 SR13 SR14

5+
SR15

SR16

200 � 300 2-4 SR17
5+ SR18

3+ < 120 50 � 200 2+ SR19 SR20
200 � 300 2+ SR21 SR22

inclusive > 120 50 � 300 2+ SR23 SR24
inclusive inclusive > 300 2+ SR25

Table 5: Signal region definitions for the LL lepton selection. The HT > 300 GeV requirement is
applied in all search regions in this category.

Nb jets Mmin
T (GeV) HT (GeV) Emiss

T 2 [50 � 200] GeV Emiss
T > 200 GeV

0 < 120

> 300

SR1 SR2
1 < 120 SR3 SR4
2 < 120 SR5 SR6

3+ < 120 SR7
inclusive > 120 SR8

suppressing electroweak processes (Drell–Yan and W + jets) and after subtracting their resid-
ual contribution. The measurement is done as function of the lepton pT and h, separately for
each lepton flavor (e or µ) and trigger (with or without isolation).
The method works as long as the probability measured in the measurement region is the same
as in the application region; any discrepancy will lead to an incorrect prediction. The main
sources of discrepancies are identified as differences in the momentum spectrum and the fla-
vor of the parton producing the nonprompt lepton. These two effects are mitigated in the
following way. The TL ratio is parameterized as a function of pcorr

T , defined as the lepton pT
plus the energy in the isolation cone exceeding the isolation threshold value — this quantity
is highly correlated with the mother parton pT, and thus the parameterization is more robust
against mother parton pT variations. The second effect, i.e. flavor dependence, is relevant for
electrons only; in fact nonpompt muons originate predominantly from heavy-flavor decays,
while in the case of electrons there are also sizable contributions from light-flavor quarks and
conversions. The effect of variations in the flavor composition is suppressed by adjusting the
loose electron identification criteria so that the numerical value of the TL ratio for electrons
from light flavors matches the one for electrons from heavy flavors. The procedure to define
the loose electron working point is carried out in a tt MC sample, and the result is validated in
data by verifying that no significant variation in the TL ratio measurement is observed in the
presence or absence of b jets in the event.
As a cross-check of the prediction, along the lines of what was done in a recent ATLAS pub-
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