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ATLAS NOTE
ATLAS-CONF-2017-035

17th May 2017

Search for the direct production of charginos and neutralinos in

final states with tau leptons in

p
s = 13 TeV pp collisions with the

ATLAS detector

The ATLAS Collaboration

Abstract

A search for the direct production of charginos and neutralinos in final states with at least two
hadronically decaying tau leptons is presented. The analysis uses a dataset of pp collisions
corresponding to an integrated luminosity of 36.1 fb�1, recorded with the ATLAS detector
at the Large Hadron Collider at a centre-of-mass energy of

p
s = 13 TeV. No significant

deviation from the Standard Model background expectation is observed. Limits are derived
in scenarios of �̃+1 �̃

�
1 pair production and of �̃±1 �̃

0
2 and �̃+1 �̃

�
1 production. Chargino masses

up to 630 GeV are excluded at 95 % confidence level in the scenario of direct production
of �̃+1 �̃

�
1 for a massless �̃0

1. Common �̃±1 , �̃0
2 masses up to 760 GeV are excluded at 95 %

confidence level in the case of production of �̃±1 �̃
0
2 and �̃+1 �̃

�
1 assuming a massless �̃0

1.
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Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS CONF Note
ATLAS-CONF-2017-017

Search for long-lived charginos based on a
disappearing-track signature in pp collisions atp

s = 13 TeV with the ATLAS detector

The ATLAS Collaboration

31st March 2017

This paper presents a search for direct electroweak gaugino or gluino pair production with
the chargino nearly mass-degenerate with a stable neutralino. It is based on the integrated
luminosity of 36.1 fb�1 of pp collisions collected at

p
s = 13 TeV by the ATLAS experiment

at the LHC. The final state of interest is a disappearing track accompanied by at least one jet
with high transverse momentum from initial state radiation or by four jets from the gluino
decay chain. The use of short track segments reconstructed from the innermost tracking
layers significantly improves the sensitivity to short chargino lifetimes. The results are found
to be consistent with Standard Model predictions. Exclusion limits are set at 95% confidence
level on the mass of charginos and gluinos for di�erent chargino lifetimes. For a pure wino
with a lifetime of about 0.2 ns, chargino masses up to 430 GeV are excluded. For the strong
production channel, gluino masses up to 1.6 TeV are excluded assuming a chargino mass of
430 GeV and lifetime of 0.2 ns.

© 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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ATLAS CONF Note
CONF-SUSY-2017-039

2nd June 2017

Search for electroweak production of

supersymmetric particles in the two and three

lepton final state at

p
s = 13 TeV with the ATLAS

detector

The ATLAS Collaboration

A search for the electroweak production of charginos, neutralinos and sleptons decaying to
final states involving two or three electrons or muons is presented. The analysis is based on
36.1 fb�1 of

p
s=13 TeV proton-proton collisions recorded by the ATLAS detector at the Large

Hadron Collider. No significant deviations from the Standard Model expectation are observed
and results are interpreted in a range of scenarios based on simplified models. Considered
scenarios include the associated production of mass-degenerate next-to-lightest neutralino
and lightest chargino, followed by their decays to final-state leptons and lightest neutralinos
via either sleptons or Standard Model gauge bosons; direct production of chargino pairs,
which in turn decay to leptons and lightest neutralinos via intermediate sleptons; and slepton
pair production, where each slepton decays directly to the lightest neutralino and a lepton.
Stringent limits at 95% confidence level are placed on the masses of relevant supersymmetric
particles in each of these scenarios.

© 2017 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-4.0 license.
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Electroweak SUSY
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Supersymmetry

Electroweak production has lower
cross-sections

Limits less stringent, and motivated
by naturalness

Multileptonic final states

Cross-sections taken from
https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections

Well motivated theory - solves hierarchy

problem, potential dark matter candidate and

unifies forces

Q|bosoni = |fermioni
Q|fermioni = |bosoni

Z. Grout (University College London) Pheno 2017 May 8, 2017 2 / 15

Gauginos mix to charged and uncharged mass-eigenstates (neutralinos/charginos).  
Sleptons are the superpartners of the left- and right-handed SM leptons. 
Strong production of SUSY particles (via squarks & gluinos) at the LHC has higher cross-sections 
than electroweak (EW) processes. 
However, direct production of electroweak particles can dominate if the masses of the gluinos and 
squarks are significantly higher. 
The purely leptonic signatures can more easily be separated from strong SM processes.

Will address latest results of EW SUSY searches 
in this talk.

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections 
arXiv:1206.2892
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Figure 5: (a) Distribution of the di�erence of q/pT of a pixel tracklet and a standard track in Z ! µµ events in
data. The solid line shows the smearing function used to construct the background pT template, which is described
in Section 6.1. The red band indicates a 1� variation of the systematic uncertainty (see Section 7). The data are
normalized to unit area. (b) Validation of the smearing procedure in Z ! µµ events in simulation. In the upper
part, green and red points show the pT distribution of standard tracks and pixel tracklets, respectively. Blue points
show the pT spectrum obtained by convolving the standard track pT distribution with the smearing function. In the
lower part, the ratio of the distribution of the pixel tracklet and the smeared spectrum is shown.

empirical formula:

f (z) =

8>>>><>>>>:

exp(↵(z + ↵/2)) (z < �↵)
exp(�z2/2) (�↵ < z < ↵)
exp(�↵(z � ↵/2)) (z > ↵),

(1)

z =
�q/pT � m
�

, (2)

where m, � and ↵ are parameters representing the mean, the resolution of the core part of the distribution,
and the slope of the tail part, respectively. The measured resolution, for pT much larger than 10 GeV,
is rather poor due to the limited lever-arm of the pixel tracklet. The smearing procedure is validated in
simulated Z ! µµ events, as shown in Figure 5 (b). The pT spectrum from the refitted pixel tracklets
is compared to the one created by convolving the standard track pT spectrum and the smearing function.
The two spectra agree very well up to 12.5 TeV.

Hadron background: Assuming that the pT spectrum of hadrons scattered in the ID is the same as that
of non-scattered hadrons, the pT spectrum of non-scattered hadrons can be extracted from standard tracks
in a control sample of non-scattered hadrons. This assumption has been verified with simulation. The
control sample is obtained by applying the same kinematic requirements as for the signal region and then
selecting a sample of tracks which satisfy the following requirements:

11
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https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections


5

Search Strategy (common for SUSY searches)

How do we search for SUSY?

from Marc Hohlfeld’s talk at SUSY13 

SUSY2016, July 4th, 2016, Melbourne Inclusive SUSY searches, Manfredi Ronzani

4

SUSY search strategy
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Define signal region (SR). Using variables 
which discriminate signal from SM 
background. 
Missing energy ETmiss, effective mass meff, 
stransverse mass mT2

DRAFT

6 Search strategy227

In order to search for the electroweak production of supersymmetric particles three di�erent search228

channels are defined which relate to the three di�erent signatures:229

• 2`+0jets: targets �̃+1 �̃
�
1 and ˜̀ ˜̀ pair production (shown in Figures 1(a) and 1(c)) in signal regions230

with a jet veto and defined using the “stransverse mass” variable, mT2 [79, 80], and the di-lepton231

invariant mass m``;232

• 2`+jets: targets �̃±1 �̃
0
2 pair production with decays via gauge bosons (shown in Figure 1(d)) to233

two same-flavour opposite-sign (SFOS) leptons (from the Z boson) and at least 2 jets (from the W234

boson);235

• 3`: targets �̃±1 �̃
0
2 pair production with decays via intermediate ˜̀ or gauge bosons to three lepton236

final states (shown in Figures 1(b) and 1(e)).237

In each channel, the signal regions require exactly two or three signal leptons (as defined in the previous238

section), with vetos on any additional baseline leptons. The leading and sub-leading leptons are required239

to have pT > 25 GeV and 20 GeV respectively, however in the 2`+jets and 3` channels additional (tighter)240

lepton pT requirements are applied.241

In the 2`+0jets channel the leptons are required to be of opposite sign and events are separated into242

“same flavour” (SF) events (corresponding to di-electron, e+e�, and di-muon, µ+µ�, events) and “dif-243

ferent flavour” (DF) events (electron-muon, e±µ⌥). This division is driven by the di�erent background-244

compositions of the two classes of events. All events are required to have a di-lepton invariant mass245

m`` > 40 GeV and a veto is applied on the following orthogonal jet categories:246

• Central non-b-tagged jets: pT > 60 GeV, |⌘ | < 2.4 and not b-tagged.247

• Central b-tagged jets: pT > 20 GeV, |⌘ | < 2.4 and b-tagged.248

These jet categories are also used when defining control regions to determine the normalisation of the249

diboson and tt̄ backgrounds as described in Section 7. After this pre-selection, binned signal regions250

are used to maximise exclusion sensitivity across the �̃+1 �̃
�
1 pair production and direct- ˜̀ pair production251

grids. In the SF regions a two-dimensional binning in mT2 and m`` is used as this provides strong rejection252

against the Z/�+jets background, whereas in the DF regions, where the Z/�+jets background is negligible,253

a one-dimensional binning in mT2 is su�cient. The stransverse mass mT2 is defined as:254

mT2 = min
qT

f
max
⇣
mT(p`1

T , qT),mT(p`2
T , p

miss
T � qT)

⌘g
,

where p

`1
T and p

`2
T are the transverse momentum vectors of the two leptons, and qT is a transverse vector255

that minimizes the larger of mT(p`1
T , qT) and mT(p`2

T , p
miss
T � qT), where:256

mT(pT, qT) =
p

2(pTqT � pT · qT).

The mT2 variable provides good suppression of SM tt̄ and WW backgrounds, which have expected257

kinematic endpoints at the W -boson mass. The definitions of the binned signal regions are provided in258

Table 1. When producing model-dependent exclusion limits in the �̃+1 �̃
�
1 simplified model grid, all signal259

regions are statistically combined, whereas only the same flavour regions are used when probing direct- ˜̀260
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6 Object Selection and Classification

6. Object Selection and Classification

In this chapter, I will explain the general object selection and classification of the analysis and its properties
for the new run with 2012 data. Furthermore, I will give a detailed description of the particularities and
characteristics of the analysis and of how exactly it is performed on the new datasets of 20.3 f b�1 withp

s = 8GeV .

6.1. Important Variables

In the following section I will give a brief explanation of some important variables, since they are going to
be used very frequently in the rest of this thesis.

The center-of-mass energy in the protons-proton system at the collision is well defined. The energies
of the two proton beams are known and by summing them up one gets the center-of-mass energy of the
collision. But in the collision, the proton constituents (partons) are interacting, not the proton themselves.
The partons carry only a fraction of the proton momentum which is unknown in the collision. Therefore, the
total center-of-mass energy of the interactions is unknown as well. The interacting particles can be boosted
in z-direction. The only well defined kinematic variable of the interaction is the transverse momentum
which is the projection of the momentum to the x-y-plane of the detector.

~pT = (px, py) pT = |~pT | (31)

This is the main reason why the missing transverse energy Emiss
T = �Â pT is used instead of the total

missing energy.21

A variable which is generally sensitive to new physics is the scalar sum of transverse momenta plus the
missing energy. This variable is referred to as the so-called effective mass me f f . It is defined as follows:

me f f = Â
i

pi
T +Emiss

T (32)

Since it is sensitive to excesses in the missing energy as well as to the momenta of the single objects in an
event, it is a very common variable in new physics searches.

Another variable which is used frequently in new physics searches is the invariant mass minv which
is a Lorentz-invariant quantity. It is the energy of the common center-of-mass system of the considered
particles. Usually the invariant mass of two or more particles is used to reconstruct the rest mass of the
mother-particle which decayed into these particles. For an event with N objects, the total invariant mass is
defined as:

minv =

vuut
 

N

Â
i

Ei
T

!2

�
 

N

Â
i

pi
T

!2

(33)

This variable is very sensitive to the existence of unknown particles, since one would expect a resonant
"peak" of these particles in the invariant mass distribution causing an excess from the predicted Standard
Model background.

In general it is expected from at least one of these kinematic quantities to be sensitive to new phenomena.
Therefore, in most physics analyses (and also in this one) these variables are investigated in the evaluation
of the data.

21see section 4.5 for a detailed explanation of the Emiss
T variable in ATLAS

� 49 �

4 Object Reconstruction in ATLAS

of all reconstructed objects (electrons, muons, jets, photons . . .) found in an event. Following this definition
the missing transverse energy is the opposite of the sum of the transverse momenta of the measured objects
in that event:

Emiss
T =� Â

i2ev.
pi

T (28)

Classifying the energy deposits into several types and calibrating them accordingly is therefore very impor-
tant for an accurate Emiss

T measurement. Contributions from cells that cannot be allocated to reconstructed
physical objects, are labeled as Emiss,CellOut

T . Writing all terms down, the missing energy in x(y) direction
can be written as:

Emiss
x,y = Emiss,µ

x,y +Emiss,e
x,y +Emiss, jet

x,y +Emiss,g
x,y +Emiss,t

x,y +Emiss,CellOut
x,y (29)

The magnitude of the missing transverse energy is then given by:

Emiss
T =

q
(Emiss

x )2 +(Emiss
y )2 (30)

Apart from the actual physical process which produces real missing energy, many other sources like limited
detector coverage, finite detector resolution or the presence of dead or inactive transition regions can
contribute to the total value of Emiss

T . To reject these parts of fake Emiss
T is a very important task for an

optimal missing energy computation. There are two main algorithms for the reconstruction and calibration
of missing energy. A cell-based reconstruction, where the reference values are the energy deposited in
calorimeter cells and an object-based reconstruction, where the energy is calculated using the already
reconstructed, classified and calibrated objects.

For the correction and calibration of Emiss
T similar methods are applied as for jet measurements. One has

additional uncertainties to consider. The Missing transverse Energy Scale (METS) [47] uncertainty is the
uncertainty of the calibration scheme of the Emiss,CellOut

T term. It works similar as for the JES uncertainty by
using variations of the energy scale corresponding to the CellOut term. Also the Missing transverse Energy
Resolution (METRES) [47] uncertainty can be derived by using imbalance measurements, like for jets.

� 42 �

Irreducible backgrounds: Monte Carlo 
normalised in control region (CR) or 
pure MC. 

Reducible backgrounds: Data-driven or 
semi data-driven approches. 
Validation regions (VR) to verify the 
background estimation.

How do we search for SUSY?

from Marc Hohlfelds talk at SUSY13 (link)

— ABCD method

http://susy2013.ictp.it/lecturenotes/01_Monday/SUSY_Phenomenology/Hohlfeld.pdf
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models, the masses of the relevant sparticles are the only free parameters. In this paper, the pure wino �̃±157

and �̃0
2 are taken to be mass-degenerate, and so are the scalar partners of the left-handed charged leptons58

and neutrinos. Intermediate slepton masses, when relevant, are chosen to be midway between the mass of59

the heavier charginos and neutralinos and that of the �̃0
1, which is pure bino. For models exploring �̃+1 �̃

�
160

production, it is assumed that the sleptons are also light and thus accessible in the sparticle decay chains,61

as illustrated in Figure 1(a). Two di�erent classes of models are considered for �̃±1 �̃
0
2 production: in one62

case, �̃±1 and �̃0
2 can decay to final-state SM particles plus �̃0

1 via an intermediate left-handed charged63

slepton or a sneutrino, with a branching ratio of 50% each (Figure 1(b)); in the other case the �̃±1 and �̃0
264

decay happens via SM gauge bosons (W/Z) (Figures 1(d)-1(e)). In models with direct ˜̀ ˜̀ production, each65

slepton decays to lepton- �̃0
1 with a 100% branching ratio (Figure 1(c)), and left-handed and right-handed66

selectrons, smuons and staus are assumed to be degenerate. For the gauge-boson-mediated decays two67

distinct final states are considered: three-lepton events where both the W and Z boson decay leptonically;68

or events with two opposite-sign leptons and two jets where the W boson decays hadronically and the Z69

boson decays leptonically. Tree-level diagrams of considered processes are shown in Figure 1.70

(a) (b) (c)

(d) (e)

Figure 1: Diagrams of the physics scenarios studied in this paper: (a) �̃+1 �̃
�
1 with ˜̀/⌫̃-mediated decays, (b) �̃±1 �̃

0
2

with ˜̀/⌫̃-mediated decays, (c) direct-slepton pair production, (d) �̃±1 �̃
0
2 with decays via a hadronically decaying W

boson and a leptonically decaying Z boson to final states with two leptons and two jets and (e) �̃±1 �̃
0
2 with decays

via leptonically decaying W and Z bosons to final states with three leptons.
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Search for EW production of charginos/neutralinos or sleptons with two or three 
leptons and ETmiss in the final state. 
Three different signal region types:

(I)    2l+0jets channel:   χ1+ χ1- and l l pair production (a,b)  ~ ~ ~~

(II)    2l+jets channel:   χ1+ χ20 production (decay via Z→ll, W→qq) (c) ~ ~

(III)   3l channel:   χ1+ χ20 production (slepton mediated or via Z→ll, W→lv) (d,e) ~ ~

Separated in same-flavour (ee+µµ) and different-flavour (eµ) categories. 
Binned in mT2 and mll for exclusion (inclusive for discovery).

Select same-flavour opposite-sign (SFOS) lepton pairs. 
SR binned in mSFOS , ETmiss or mT2 (depending on the targeted model). 

Using separate SR for different Δm(χ1±,χ10): high, low or intermediate. 
Cuts on mll and angular variables of leptons to reconstruct W, Z bosons.

~ ~
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(c) Distribution of third leading lepton pT in SR3-slep-c
to e

Figure 4: Emiss
T distributions for data and the estimated SM backgrounds for SR3-slep-a (a) and SR3-slep-b (b)

and distributions of the third leading lepton pT in SR3-slep-c to e (c) The normalization factors extracted from
the corresponding CRs are used to rescale the W Z background. The “Reducible” category corresponds to the
data-driven fake factor estimate. The statistical uncertainties on the background prediction are included in the
uncertainty band, as well as the experimental and theoretical uncertainties.
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tt+Wt and diboson backgrounds are predicted from MC but normalised to data in control regions. 
For 3l channel, the fake-factor method is used. 
Z/γ+jets is estimated with a γ+jets data sample with corrections for the different Z vs. γ boson pT 
applied (γ+jets template). Relevant only for 2l+jets.

Electroweak 2/3L analysis

DRAFT

Background estimation summary

Channel 2`+0jets 2`+jets 3`
Fake leptons Matrix method (MM) Fake factor method (FF)

tt̄ +Wt CR MC FF
VV CR MC CR (WZ-only)

Z/�+jets MC �+jet template FF
Higgs/ VVV / top+V MC

Table 4: Summary of the estimation methods used in each search channel. Backgrounds denoted CR have a dedicated
control region that is included in a simultaneous likelihood fit to data to extract a data-driven normalisation factor
that is used to scale the MC prediction. MM and FF refer to the matrix method and fake factor method used to
estimate the fake lepton backgrounds in the 2` and 3` channels respectively. The �+jet template method is used
in the 2`+jets channel to provide a data-driven estimate of the Z/�+jets background. Finally MC stands for pure
Monte Carlo estimation.

control region (CR2-VV-DF) selects events with a DFOS pair and further requires 50 < mT2 < 75 GeV.321

This region is dominated by WW events, with a subdominant contribution from W Z events. The tt̄ control322

region (CR2-Top) uses DF events with at least one central b-tagged jet to obtain a high-purity sample of323

tt̄ events. The control region definitions are summarised in Table 5.324

The three control regions are included in a simultaneous profile likelihood fit to the observed data that325

provides data-driven normalisation factors for these backgrounds, as described in Section 9. The results326

are propagated to the signal regions, and to dedicated validation regions (VRs) whose selections resemble327

those of the signal regions while selecting a mutually exclusive set of events. The validation regions used328

for the 2`+0jets channel are provided in Table 5. The normalisation factors returned by the fit for the tt̄,329

VV-DF and VV-SF backgrounds are 0.95±0.03, 1.06±0.18 and 0.96±0.11 respectively. In the 2`+0jets330

channel the Z/�+jets and Higgs boson contributions are expected to be small, and are estimated directly331

from MC.332

2`+0jets control and validation region definitions

Region CR2-VV-DF CR2-VV-SF CR2-Top VR2-VV-SF/DF VR2-Top
lepton flavour SF DF DF SF (DF) DF

ncentral non�b�tagged jets 0 0 0 0 0
ncentral b�tagged jets 0 0 � 1 0 � 1
|m`` � mZ | [GeV] < 20 — — > 20 (–) —

mT2 [GeV] > 130 50 � 75 75 � 100 75 � 100 > 100

Table 5: Control region and validation region definitions for the 2`+0jets channel. The pT thresholds placed on the
requirements for b- and non-b-tagged jets corresponds to 20 GeV and 60 GeV, respectively.

In the 2`+jets channel, the dominant backgrounds are Z/�+jets and diboson events. Although expected333

to occur rarely, Z/�+jets events can enter the SRs due to fake Emiss
T from jet or lepton mis-measurements334

or from neutrinos in semi-leptonic decays of b- or c- hadrons. These e�ects are di�cult to model in MC,335

so instead �+jets events in data are used to measure a Emiss
T template in Z+jets events. Similar methods336

have been employed in searches for SUSY in events with two leptons, jets, and large Emiss
T in ATLAS [81]337

and CMS [82, 83]. The Emiss
T shape is extracted from a data control sample of �+jets events, which have338

a similar topology and Emiss
T resolution as Z+jets events. Corrections for the di�erent � vs. Z boson pT339
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Figure 2: m`` (a) and mT2 (b) distributions for data and the estimated SM backgrounds for SR2-SF-loose and
mT2 distributions for SR2-DF-100 (c). The normalization factors extracted from the corresponding CRs are used
to rescale the tt̄ and VV contributions. The “Reducible” category corresponds to the data-driven matrix method
estimate. The statistical uncertainties on the background prediction are included in the uncertainty band, as well
as the experimental and theoretical uncertainties. The final bins in each histogram also contain the events in the
overflow bin.
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Fakes/non-prompt leptons are estimated with matrix-
method for 2l+0jets and 2l+jets channel. Fake-factor 
method for 3l channel. 
Smaller backgrounds are estimated purely from MC. 
Validation regions to verify background prediction.

mT2 distribution in a 2l+0jets SR with mT2 >100 GeV ETmiss distribution in a 3l SR with ETmiss >130 GeV 

ATLAS-CONF-2017-039

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-039/


Observed and expected exclusion limits on the degenerated χ20,χ1± masses, the slepton mass and the χ10  mass.  
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Electroweak 2/3L analysis

Results and interpretations:
ATLAS-CONF-2017-039

Analysed full 2015+2016 dataset (36.1 fb-1).  
No significant excess above the SM expectation is 
observed in any of the signal regions.  
Results can be used to derive limits on gaugino & 
slepton masses in targeted SUSY models. 
Can exclude gaugino masses up to ≈ 1.1 TeV and 
slepton masses up to ≈ 500 GeV.   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and �̃0
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and neutrinos. Intermediate slepton masses, when relevant, are chosen to be midway between the mass of59

the heavier charginos and neutralinos and that of the �̃0
1, which is pure bino. For models exploring �̃+1 �̃
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production, it is assumed that the sleptons are also light and thus accessible in the sparticle decay chains,61

as illustrated in Figure 1(a). Two di�erent classes of models are considered for �̃±1 �̃
0
2 production: in one62

case, �̃±1 and �̃0
2 can decay to final-state SM particles plus �̃0

1 via an intermediate left-handed charged63

slepton or a sneutrino, with a branching ratio of 50% each (Figure 1(b)); in the other case the �̃±1 and �̃0
264

decay happens via SM gauge bosons (W/Z) (Figures 1(d)-1(e)). In models with direct ˜̀ ˜̀ production, each65

slepton decays to lepton- �̃0
1 with a 100% branching ratio (Figure 1(c)), and left-handed and right-handed66

selectrons, smuons and staus are assumed to be degenerate. For the gauge-boson-mediated decays two67

distinct final states are considered: three-lepton events where both the W and Z boson decay leptonically;68

or events with two opposite-sign leptons and two jets where the W boson decays hadronically and the Z69

boson decays leptonically. Tree-level diagrams of considered processes are shown in Figure 1.70
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All limits are computed at 95% CL. The 8 TeV results are shown in green.

https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2017-039/
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Electroweak di-tau analysis

Search for production of charginos/neutralinos with tau 
leptons and ETmiss in the final state. 
Looking at scenarios with chargino pair production (a) 
and production of mass-degenerated chargino/neutralino 
pair (b).  
Two-step decay mediated by superpartners of tau/tau-
neutrino. Same final state (τ → hadr.)
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Figure 1: Representative diagrams for the electroweak production and decay processes of supersymmetric particles
considered in this work: (left) �̃+1 �̃

�
1 and (right) �̃±1 �̃

0
2 production.

stau1 and chargino2 masses are mH⌧ > 87–93 GeV (depending on m�̃0
1
) and m�̃±1 > 103.5 GeV [32–36].

2 The ATLAS detector

The ATLAS detector [37] is a multi-purpose particle physics detector with forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle3. It features an inner tracking detector (ID)
surrounded by a 2 T superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon
spectrometer (MS). The ID covers the pseudorapidity region |⌘ | < 2.5 and consists of a silicon pixel
detector, a silicon microstrip detector, and a transition radiation tracker. One significant upgrade for thep

s = 13 TeV running period is the presence of the Insertable B-Layer [38], an additional pixel layer
close to the interaction point which provides high-resolution hits at small radius to improve the tracking
and vertex reconstruction performance. The calorimeters are composed of high-granularity liquid-argon
(LAr) electromagnetic calorimeters with lead, copper, or tungsten absorbers (in the pseudorapidity region
|⌘ | < 3.2) and a steel–scintillator hadronic calorimeter (for |⌘ | < 1.7). The end-cap and forward regions,
spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters for both the electromagnetic and
hadronic measurements. The MS surrounds the calorimeters and consists of three large superconducting
air-core toroid magnets, each with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and
detectors for triggering (|⌘ | < 2.4). A two-level trigger system is used to record events [39].

3 Data and simulated event samples

The analysed dataset, after the application of beam, detector, and data quality requirements, corresponds
to an integrated luminosity of 36.1 fb�1 of pp collision data recorded in 2015 and 2016 at

p
s = 13 TeV.

1 The stau mass limit from LEP assumes gaugino mass unification, which is not assumed in the results presented here.
2 For the interval 0.1 . �m( �̃±1 , �̃

0
1) . 3 GeV, the chargino mass limit set by LEP degrades to 91.9 GeV.

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector,
and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. Observables
labelled transverse refer to the projection into the x–y plane. The pseudorapidity is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2).
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Figure 1: Representative diagrams for the electroweak production and decay processes of supersymmetric particles
considered in this work: (left) �̃+1 �̃

�
1 and (right) �̃±1 �̃

0
2 production.

stau1 and chargino2 masses are mH⌧ > 87–93 GeV (depending on m�̃0
1
) and m�̃±1 > 103.5 GeV [32–36].

2 The ATLAS detector

The ATLAS detector [37] is a multi-purpose particle physics detector with forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle3. It features an inner tracking detector (ID)
surrounded by a 2 T superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon
spectrometer (MS). The ID covers the pseudorapidity region |⌘ | < 2.5 and consists of a silicon pixel
detector, a silicon microstrip detector, and a transition radiation tracker. One significant upgrade for thep

s = 13 TeV running period is the presence of the Insertable B-Layer [38], an additional pixel layer
close to the interaction point which provides high-resolution hits at small radius to improve the tracking
and vertex reconstruction performance. The calorimeters are composed of high-granularity liquid-argon
(LAr) electromagnetic calorimeters with lead, copper, or tungsten absorbers (in the pseudorapidity region
|⌘ | < 3.2) and a steel–scintillator hadronic calorimeter (for |⌘ | < 1.7). The end-cap and forward regions,
spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters for both the electromagnetic and
hadronic measurements. The MS surrounds the calorimeters and consists of three large superconducting
air-core toroid magnets, each with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and
detectors for triggering (|⌘ | < 2.4). A two-level trigger system is used to record events [39].

3 Data and simulated event samples

The analysed dataset, after the application of beam, detector, and data quality requirements, corresponds
to an integrated luminosity of 36.1 fb�1 of pp collision data recorded in 2015 and 2016 at

p
s = 13 TeV.

1 The stau mass limit from LEP assumes gaugino mass unification, which is not assumed in the results presented here.
2 For the interval 0.1 . �m( �̃±1 , �̃

0
1) . 3 GeV, the chargino mass limit set by LEP degrades to 91.9 GeV.

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector,
and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. Observables
labelled transverse refer to the projection into the x–y plane. The pseudorapidity is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2).

3

Two signal regions for high and low Δm(χ1±,χ10): 
SR-lowMass, SR-highMass.

with tau leptons originating from �̃±1 and �̃0
2 decays in models where the mass di�erence between the

parent particle and the �̃0
1 is small. The main discriminating requirement is mT2 > 70 GeV.

In SR-highMass events are selected with the di-tau+E

miss
T trigger or by the asymmetric di-tau trigger. In

the case the event has been selected by the di-tau+E

miss
T trigger, the leading tau candidate threshold is

raised to pT,⌧1 > 80 GeV. If the event has been selected by the asymmetric di-tau trigger, E

miss
T > 110

GeV is required. At least one of the tau candidates must satisfy the tight identification criteria for jet
discrimination (‘tight’ tau candidate). In addition, the invariant mass of the two leading tau candidates,
m(⌧1, ⌧2) > 110 GeV, and mT2 > 90 GeV. The requirements for both SRs are summarised in Table 1. The
two SRs are not mutually exclusive.

Table 1: Signal region definitions.

SR-lowMass SR-highMass
at least one opposite sign tau pair

b-jet veto
Z-veto

at least two medium tau candidates at least one medium and one tight tau candidates
m(⌧1, ⌧2) > 110 GeV

mT2 > 70 GeV mT2 > 90 GeV
di-tau+E

miss
T trigger di-tau+E

miss
T trigger asymmetric di-tau trigger

E

miss
T > 150 GeV E

miss
T > 150 GeV E

miss
T > 110 GeV

pT,⌧1 > 50 GeV pT,⌧1 > 80 GeV pT,⌧1 > 95 GeV
pT,⌧2 > 40 GeV pT,⌧2 > 40 GeV pT,⌧2 > 65 GeV

6 Standard Model background estimation

The main SM processes contributing to the selected final states are multi-jet, W+jets and diboson produc-
tion. Background events may contain a combination of ‘real’ tau leptons, defined as correctly identified
tau leptons, or ‘fake’ tau leptons, which can originate from a misidentified light-flavour quark or gluon
jet, an electron, or a muon.

In multi-jet events nearly all tau candidates are misidentified jets. The multi-jet contribution in the SRs
is estimated from data, as described in Section 6.1. The contribution arising from heavy-flavour multi-jet
events containing a real tau lepton from the heavy-flavour quark decay is included in the multi-jet estimate.
The contribution of W+jets events, which contain one real tau lepton from the W decay and one or more
misidentified jets, is estimated from MC simulation and normalised to data in a dedicated control region
(CR), as described in Section 6.2.

Diboson production contributes mainly with events containing real tau leptons originating from WW

and Z Z decaying into a ⌧⌧⌫⌫ final state. Additional SM backgrounds arise from Z+jets production, or
events that contain a top-quark or a top-quark pair in association with jets or additional W or Z bosons
(collectively referred to as top background in the following). The contribution from real tau leptons
exceeds 90 % in Z+jets and diboson production, and ranges from 45 % to 75 % in backgrounds containing
top quarks from MC simulation. The contribution of fake tau leptons from heavy-flavour decays in jets is

8

(a) (b)

Signal region definitions for SR-low/highMass

~ ~

Background estimation:
ABCD method for multi-jet background: Two 
uncorrelated variables which discriminate CR from SR. 
Regions defined by tau quality/charge and kinematic 
variables, like ETmiss, mT2. 
Extrapolation using NA = NC/NB 

W+jets: Predicted from MC but normalised in dedicated 
CR enriched with W→τv events. 
Other backgrounds: Estimated purely from MC. tau-id and charge  

ET
miss, 

mT2,  
M(τ1,τ2), 
ΔR(τ1,τ2) 

VR−E  VR−F 

Used for validation  
and systematics 

CR−A  

Used for nominal  
ABCD method 

CR−B  CR−C 

  SR−D 
T = C/B 

T = C/B 

Figure 2: Illustration of the ABCD method for the multi-jet background determination. The control regions A, B,
C, and signal region D for the ABCD method described in the text (labelled as CR-A, CR-B, CR-C and SR-D) are
drawn as light blue boxes. Shown in green and labelled as VR are the regions E and F, which are used to validate
the ABCD method and to estimate the systematic uncertainties. The definition of all regions used in the ABCD
method can be found in Table 2.

6.2 W+jets background estimation

The production of W+jets events with at least one misidentified tau lepton is an important background in
the SRs, making up for about 13 % (20 %) of the expected SM background in SR-lowMass (SR-highMass).
A dedicated control region (W -CR) is used to normalise the W+jets MC estimation to data. The W -CR
is enriched in events where the W boson decays leptonically into a muon and a neutrino to suppress
multi-jet contamination. Events are selected with a single-muon trigger, using the lowest unprescaled
pT thresholds available. Events containing exactly one isolated muon and one candidate tau lepton with
opposite electric charge are selected. The muon is required to have pT >40 GeV. In addition, the muon
must satisfy the ‘GradientLoose’ [92] isolation requirements, which rely on the use of track-based and
calorimeter-based variables and implement a set of ⌘- and pT-dependent criteria. Compatibility of the
signal lepton tracks with the primary vertex is enforced by requiring the distance |z0 sin ✓ | < 0.5 mm,
where z0 is the longitudinal impact parameter. In addition, the transverse impact parameter, d0, divided
by its uncertainty, �(d0), must satisfy |d0/�(d0) | < 3 for the muon. The tau candidate must pass the
medium tau identification criteria and is required to have pT > 50 GeV.

The contribution from events with top quarks is suppressed by rejecting events containing b-tagged jets.
To reduce the contribution from Z+jets production, the transverse mass of the muon, m⌧,µ > 50 GeV, the
sum of the transverse mass of the tau lepton and muon, mT,⌧ +mT,µ > 80 GeV, and the angular separation
between the muon and the tau lepton, �R(µ, ⌧) > 0.5 are required. To further suppress diboson and top
quark contributions, m⌧,µ < 150 GeV is required. To be close to the SR definition, E

miss
T > 60 GeV and

10
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Figure 7: 95 % CL exclusion contours for simplified models with �̃+1 �̃
�
1 production (left) and production of �̃+1 �̃

�
1

and �̃±1 �̃
0
2 (right). See text for details of exclusion curves and uncertainty bands. The LEP limit on the chargino

mass is also shown. Results are compared with the observed limits obtained by previous ATLAS searches [29] as
blue contours.

10 Interpretation

In the absence of a significant excess over the SM background expectations, the observed and expected
numbers of events in the signal regions are used to place exclusion limits at 95 % CL using the model-
dependent limit fit described in Section 8. SR-highMass is used to derive limits for �̃+1 �̃

�
1 production

and SR-highMass and SR-lowMass are used to derive limits for the production of �̃+1 �̃
�
1 and �̃±1 �̃

0
2. The

exclusion limits for the simplified models described in Section 3 are shown in Figure 7. Only �̃+1 �̃
�
1

production is assumed for the left plot, whereas both production processes are considered simultaneously
for the right plot. The solid (dashed) lines show the observed (expected) exclusion contours. The
band around the expected limit shows the ±1� variations, including all uncertainties except theoretical
uncertainties on the signal cross section. The dotted lines around the observed limit indicate the sensitivity
to ±1� variations of the theoretical uncertainties on the signal cross section.

Chargino masses up to 630 GeV are excluded for a massless lightest neutralino in the scenario of direct
production of chargino pairs. In the case of production of chargino pairs and mass-degenerate charginos
and next-to-lightest neutralinos, chargino masses up to 760 GeV are excluded for a massless lightest
neutralino. These limits significantly extend previous results [29,30] in the high chargino mass region.

11 Conclusion

Searches for the electroweak production of supersymmetric particles in events with at least two hadronically
decaying tau leptons are performed using 36.1 fb�1 of pp collision data at

p
s = 13 TeV recorded with

the ATLAS experiment at the Large Hadron Collider. Agreement between data and SM expectations is
observed in all signal regions. These results are used to set limits on the visible cross section for events
beyond the Standard Model in each signal region.
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Electroweak di-tau analysis Table 7: Observed and expected number of events in the signal regions for 36.1 fb�1. The contributions of multi-jet
and W+jets events are scaled with the normalisation factors obtained from the background-only fit described in
Section 8. Expected event yields for the SUSY reference points (defined in Section 3) are also given. The shown
uncertainties are the sum in quadrature of statistical and systematic uncertainties. The correlation of systematic
uncertainties among control regions and among background processes is fully taken into account. The one-sided
p0-values, the observed and expected 95 % CL upper limits on the visible non-SM cross section (�95

vis), and the
number of signal events (S95

obs) are given. Values of p0 > 0.5 are truncated to p0 = 0.5.

SM process SR-lowMass SR-highMass
diboson 5.9 ± 2.2 1.0 ± 0.8
W+jets 1.8± 1.1 0.7± 0.5

Top quark 1.2 ± 1.0 0.03+0.26
�0.03

Z+jets 0.6+0.7
�0.6 0.6 ± 0.5

multi-jet 4.3 ± 4.0 1.3 ± 1.1
SM total 14 ± 6 3.7 ± 1.4
Observed 10 5

Reference point 1 11.6 ± 2.6 11.8 ± 2.8
Reference point 2 10.0 ± 2.1 11.4 ± 2.6

p0 0.5 0.3
Expected �95

vis [fb] 0.31+0.12
�0.08 0.17+0.08

�0.05
Observed �95

vis [fb] 0.26 0.20
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Figure 6: The mT2 distribution before the mT2 requirement is applied for SR-lowMass (left) and SR-highMass
(right), where the arrow indicates the position of the cut in the signal region. The stacked histograms show the
expected SM backgrounds normalised to 36.1 fb�1. The multi-jet contribution is estimated from data using the
ABCD method. The contributions of multi-jet and W+jets events are scaled with the corresponding normalisation
factors. The hatched bands represent the sum in quadrature of systematic and statistical uncertainties on the total
SM background. For illustration, the distributions of the SUSY reference points (defined in Section 3) are also
shown as dashed lines. The lower panels show the ratio of data to the total SM background estimate. The last bin
includes the overflow.
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Figure 7: 95 % CL exclusion contours for simplified models with �̃+1 �̃
�
1 production (left) and production of �̃+1 �̃

�
1

and �̃±1 �̃
0
2 (right). See text for details of exclusion curves and uncertainty bands. The LEP limit on the chargino

mass is also shown. Results are compared with the observed limits obtained by previous ATLAS searches [29] as
blue contours.

10 Interpretation

In the absence of a significant excess over the SM background expectations, the observed and expected
numbers of events in the signal regions are used to place exclusion limits at 95 % CL using the model-
dependent limit fit described in Section 8. SR-highMass is used to derive limits for �̃+1 �̃

�
1 production

and SR-highMass and SR-lowMass are used to derive limits for the production of �̃+1 �̃
�
1 and �̃±1 �̃

0
2. The

exclusion limits for the simplified models described in Section 3 are shown in Figure 7. Only �̃+1 �̃
�
1

production is assumed for the left plot, whereas both production processes are considered simultaneously
for the right plot. The solid (dashed) lines show the observed (expected) exclusion contours. The
band around the expected limit shows the ±1� variations, including all uncertainties except theoretical
uncertainties on the signal cross section. The dotted lines around the observed limit indicate the sensitivity
to ±1� variations of the theoretical uncertainties on the signal cross section.

Chargino masses up to 630 GeV are excluded for a massless lightest neutralino in the scenario of direct
production of chargino pairs. In the case of production of chargino pairs and mass-degenerate charginos
and next-to-lightest neutralinos, chargino masses up to 760 GeV are excluded for a massless lightest
neutralino. These limits significantly extend previous results [29,30] in the high chargino mass region.

11 Conclusion

Searches for the electroweak production of supersymmetric particles in events with at least two hadronically
decaying tau leptons are performed using 36.1 fb�1 of pp collision data at

p
s = 13 TeV recorded with

the ATLAS experiment at the Large Hadron Collider. Agreement between data and SM expectations is
observed in all signal regions. These results are used to set limits on the visible cross section for events
beyond the Standard Model in each signal region.
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Figure 1: Representative diagrams for the electroweak production and decay processes of supersymmetric particles
considered in this work: (left) �̃+1 �̃

�
1 and (right) �̃±1 �̃

0
2 production.

stau1 and chargino2 masses are mH⌧ > 87–93 GeV (depending on m�̃0
1
) and m�̃±1 > 103.5 GeV [32–36].

2 The ATLAS detector

The ATLAS detector [37] is a multi-purpose particle physics detector with forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle3. It features an inner tracking detector (ID)
surrounded by a 2 T superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon
spectrometer (MS). The ID covers the pseudorapidity region |⌘ | < 2.5 and consists of a silicon pixel
detector, a silicon microstrip detector, and a transition radiation tracker. One significant upgrade for thep

s = 13 TeV running period is the presence of the Insertable B-Layer [38], an additional pixel layer
close to the interaction point which provides high-resolution hits at small radius to improve the tracking
and vertex reconstruction performance. The calorimeters are composed of high-granularity liquid-argon
(LAr) electromagnetic calorimeters with lead, copper, or tungsten absorbers (in the pseudorapidity region
|⌘ | < 3.2) and a steel–scintillator hadronic calorimeter (for |⌘ | < 1.7). The end-cap and forward regions,
spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters for both the electromagnetic and
hadronic measurements. The MS surrounds the calorimeters and consists of three large superconducting
air-core toroid magnets, each with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and
detectors for triggering (|⌘ | < 2.4). A two-level trigger system is used to record events [39].

3 Data and simulated event samples

The analysed dataset, after the application of beam, detector, and data quality requirements, corresponds
to an integrated luminosity of 36.1 fb�1 of pp collision data recorded in 2015 and 2016 at

p
s = 13 TeV.

1 The stau mass limit from LEP assumes gaugino mass unification, which is not assumed in the results presented here.
2 For the interval 0.1 . �m( �̃±1 , �̃

0
1) . 3 GeV, the chargino mass limit set by LEP degrades to 91.9 GeV.

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector,
and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. Observables
labelled transverse refer to the projection into the x–y plane. The pseudorapidity is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2).
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Figure 1: Representative diagrams for the electroweak production and decay processes of supersymmetric particles
considered in this work: (left) �̃+1 �̃

�
1 and (right) �̃±1 �̃

0
2 production.

stau1 and chargino2 masses are mH⌧ > 87–93 GeV (depending on m�̃0
1
) and m�̃±1 > 103.5 GeV [32–36].

2 The ATLAS detector

The ATLAS detector [37] is a multi-purpose particle physics detector with forward-backward symmetric
cylindrical geometry and nearly 4⇡ coverage in solid angle3. It features an inner tracking detector (ID)
surrounded by a 2 T superconducting solenoid, electromagnetic and hadronic calorimeters, and a muon
spectrometer (MS). The ID covers the pseudorapidity region |⌘ | < 2.5 and consists of a silicon pixel
detector, a silicon microstrip detector, and a transition radiation tracker. One significant upgrade for thep

s = 13 TeV running period is the presence of the Insertable B-Layer [38], an additional pixel layer
close to the interaction point which provides high-resolution hits at small radius to improve the tracking
and vertex reconstruction performance. The calorimeters are composed of high-granularity liquid-argon
(LAr) electromagnetic calorimeters with lead, copper, or tungsten absorbers (in the pseudorapidity region
|⌘ | < 3.2) and a steel–scintillator hadronic calorimeter (for |⌘ | < 1.7). The end-cap and forward regions,
spanning 1.5 < |⌘ | < 4.9, are instrumented with LAr calorimeters for both the electromagnetic and
hadronic measurements. The MS surrounds the calorimeters and consists of three large superconducting
air-core toroid magnets, each with eight coils, a system of precision tracking chambers (|⌘ | < 2.7), and
detectors for triggering (|⌘ | < 2.4). A two-level trigger system is used to record events [39].

3 Data and simulated event samples

The analysed dataset, after the application of beam, detector, and data quality requirements, corresponds
to an integrated luminosity of 36.1 fb�1 of pp collision data recorded in 2015 and 2016 at

p
s = 13 TeV.

1 The stau mass limit from LEP assumes gaugino mass unification, which is not assumed in the results presented here.
2 For the interval 0.1 . �m( �̃±1 , �̃

0
1) . 3 GeV, the chargino mass limit set by LEP degrades to 91.9 GeV.

3 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector,
and the z-axis along the beam line. The x-axis points from the IP to the centre of the LHC ring, and the y-axis points upwards.
Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around the z-axis. Observables
labelled transverse refer to the projection into the x–y plane. The pseudorapidity is defined in terms of the polar angle ✓ by
⌘ = � ln tan(✓/2).
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(a)

(b)

(a) (a,b)

Observed and expected exclusion limits on chargino/neutralino masses for  χ1+ χ1-  and χ20,χ1± production

Observed event yields for 36.1 fb-1 show no significant 
excess above the SM prediction. 
Set exclusion limits on chargino and neutralino masses 
for the given SUSY benchmark models. 
Left plot considers only χ1+ χ1-  production and SR-
highMass. Right plot uses both SR and includes also     
χ1± χ20 production. 
Exclude gaugino masses up to 750 GeV.

Results and interpretations:

~~
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Figure 3: Chargino reconstruction e�ciency as a function of decay radius. The distribution of the decay radius for
charginos with a lifetime of 0.2 ns is shown in blue. The reconstruction e�ciency of pixel tracklets before applying
the fake-rejection criteria is shown in red, while that obtained with the standard tracking algorithm is shown in
green. The yellow shaded regions correspond to the coverage of each detector.

geometry and conditions, must be zero. The number of low quality hits3 associated to the tracklet
must be zero. Furthermore, tracklets must satisfy requirements on the significance of the transverse
impact parameter, d0, with respect to the beam line, |d0 |/�(d0) < 2 (where �(d0) is the uncertainty
of the d0 measurement), and |z0sin(✓) | < 0.5 mm. The �2-probability of the fit is required to be
larger than 10%.

(3) Geometrical acceptance: The tracklet must satisfy 0.1 < |⌘ | < 1.9.

(4) Disappearing condition: The number of SCT hits associated to the tracklet must be zero.

The isolation and quality requirements are mainly useful to reduce fake tracklets, which typically tend
to have large impact parameters. The requirement on ⌘ excludes tracklets with ⌘ ⇠ 0, where the
muon spectrometer has low e�ciency. Including tracklets in this region would increase the background
significantly, as the lepton rejection is less e�cient. Tracklets with |⌘ | > 1.9 are rejected because the
probability of a particle scattered by detector material to be reconstructed as a tracklet increases with |⌘ |.
The disappearing condition is used to identify tracklets which disappear between the pixel and the SCT
detectors. The selection e�ciency for chargino tracks is about 90% and 65% to 70% for the requirements
(1) and (2) respectively, assuming a chargino lifetime of 0.2 ns, and varies depending on the chargino
mass. The ine�ciency of the quality requirements is mostly due to temporarily inactive modules of the
pixel detector. The number of background events is reduced by four orders of magnitude by applying
requirements (1) and (2). The signal e�ciency is 85% to 90% and 75% to 85% for requirements (3) and
(4), respectively, for a chargino lifetime of 0.2 ns. After all the selection requirements, the signal e�ciency
is 4% for electroweak production of a 400 GeV chargino with a lifetime of 0.2 ns. In the strong production

3 A hit is categorised as low quality when the single hit position uncertainty is large, or the hit position is far from the
reconstructed tracklet.
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Search for long-lived charginos based on a disappearing-
track signature. 
If Δm(χ1±,χ10) is very small, charginos can have a 
measurable lifetime (0.1 - 0.3 ns) and decay while 
penetrating the pixel layers  
Pure-wino LSP: Δm ≈ 160 MeV.  
Low momentum π± (not reconstructed) and χ10                     
⇒ disappearing track in ID.

ATLAS Simulation Preliminary

π+

χ0
1

~ χ+
1

~

Figure 1: Simulated pp! �̃+1 �̃�1 + jet event, with long-lived charginos. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the four pixel layers.

Two signal processes are studied in this paper. One search targets direct electroweak gaugino pair
production where the final state contains a disappearing track, a jet from initial state radiation, and Emiss

T .
The second search targets gluino pair production with a final state composed of a disappearing track, four
jets, and Emiss

T .

This paper is organised as follows. A brief overview of the ATLAS detector is given in Section 2. In
Section 3, the signal processes (electroweak pair-production of charginos and strong pair-production of
gluinos) are described. The data samples used in this analysis and the simulation model of the signal
processes are described in Section 4. The reconstruction algorithms and event selection are presented in
Section 5. The analysis method is discussed in Section 6. The systematic uncertainties are described in
Section 7. The results are presented in Section 8. Section 9 is devoted to conclusions.

2 The ATLAS detector

ATLAS [18] is a multipurpose detector with a forward-backward symmetric cylindrical geometry, covering
nearly the entire solid angle around a collision point of the LHC.2 The inner tracking detector (ID) consists
of pixel and micro-strip silicon detectors covering the pseudorapidity region of |⌘ | < 2.5, surrounded
by a transition radiation tracker (TRT), which improves the momentum measurement and enhances
electron identification capabilities. The pixel detector spans the radius range from 3 to 12 cm, the strip
semiconductor tracker (SCT) from 30 to 52 cm, and the TRT from 56 to 108 cm. The pixel detector has
four barrel layers and three disks in the forward and backward directions. The barrel layers surround the
beam pipe at radii of 33.3, 50.5, 88.5, and 122.5 mm, covering |⌘ | < 1.9. These layers are equipped with
pixel read-out elements with a pitch of 50 µm in the transverse direction. The pitch sizes in the longitudinal
direction are 250 µm for the first layer and 400 µm for the other layers. The innermost layer, the insertable
B-layer [19, 20], was added during the first long shutdown, and improves the reconstruction of short tracks

2 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point in the centre of the detector.
The positive x-axis is defined by the direction from the interaction point to the centre of the LHC ring, with the positive y-axis
pointing upwards, while the beam direction defines the z-axis. Cylindrical coordinates (r, �) are used in the transverse plane, �
being the azimuthal angle around the z-axis. The pseudorapidity ⌘ is defined in terms of the polar angle ✓ by ⌘ = � ln tan(✓/2)
and the rapidity is defined as y = (1/2) ln[(E + pz )/(E � pz )] where E is the energy and pz the longitudinal momentum of
the object of interest.

3

ATLAS-CONF-2017-017

Disappearing condition: Tracking algorithm with shorter 
tracks than standard tracks (tracklets). Looking for tracklets 
with hits only in pixel-detector (pixel tracklets). 
Improve efficiency for meta-stable charginos by ≈ 50%. 
Possible since Run II                                                                    
→  new insertable b-layer (IBL). 
SR selection:                                                                      
Disappearing-track + jet (pT > 140 GeV) + ETmiss > 140 GeV.

χ1± reco. efficiency vs. decay radius
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Figure 2: Example diagrams of the benchmark signal processes used in this analysis. In the case of direct char-
gino/neutralino production (a), the signal signature consists of a long-lived chargino and initial state radiation. In
the case of the strong channel (b), each gluino decays to two quarks and a chargino or neutralino. A long-lived
chargino and multiple quarks, which are observed as jets, are the signatures of this signal.

(pT > 24–26 GeV) or muon (pT > 24–26 GeV). After applying basic data quality requirements, the data
sample corresponds to an integrated luminosity of 36.1 fb�1. The uncertainty in the combined 2015+2016
integrated luminosity is 3.2%. It is derived, following a methodology similar to that detailed in Ref. [23],
from a preliminary calibration of the luminosity scale using x-y beam-separation scans performed in
August 2015 and May 2016.

The simulated signal samples are generated assuming the minimal AMSB model [8, 9] with the ratio of
the Higgs vacuum expectation values at the electroweak scale set to tan � = 5, the sign of the higgsino
mass term set to be positive, and the universal scalar mass set to m0 = 5 TeV. The proper lifetime and
the mass of the chargino are scanned in the range from 10 ps to 10 ns and from 100 GeV to 700 GeV
respectively. For the strong production, samples are generated for gluino masses varying from 700 GeV
to 2200 GeV with LSP mass from 200 GeV to mg̃ � 100 GeV. The SUSY mass spectrum, the branching
ratios and decay widths are calculated using ISASUSY ver.7.80 [24]. The signal samples are generated
with up to two extra partons in the matrix element using MG5_aMC@NLO 2.3.3 [25] at leading order
(LO) interfaced to P����� 8.186 [26] for parton shower, hadronisation and SUSY particle decay. The
NNPDF2.3LO [27] parton distribution function (PDF) set is used. Renormalisation and factorisation
scales are determined by the default dynamic scale choice of MG5_aMC@NLO. The CKKW-L merging
scheme [28] is applied to combine tree-level matrix elements containing multiple partons with parton
showers. A scale parameter for merging is set to a quarter of the mass of the wino for the wino-pair
production or a quarter of the gluino mass for the strong production channel. The A14 [29] set of tuned
parameters with simultaneously optimised multiparton interaction (MPI) and parton shower (ISR, FSR)
parameters is used for underlying event together with the NNPDF2.3LO PDF set. Charginos are forced to
decay into a pion and a neutralino.

The cross sections of the electroweak production are calculated at the next-to-leading order (NLO) in
the strong coupling constant using P�������2 [30]. The cross sections of the strong production are
calculated in the same way as in the electroweak channel, adding the resummation of soft gluon emission
at next-to-leading-logarithmic accuracy (NLO+NLL) [31]. In both channels, an envelope of cross-section
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gino/neutralino production (a), the signal signature consists of a long-lived chargino and initial state radiation. In
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chargino and multiple quarks, which are observed as jets, are the signatures of this signal.
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integrated luminosity is 3.2%. It is derived, following a methodology similar to that detailed in Ref. [23],
from a preliminary calibration of the luminosity scale using x-y beam-separation scans performed in
August 2015 and May 2016.

The simulated signal samples are generated assuming the minimal AMSB model [8, 9] with the ratio of
the Higgs vacuum expectation values at the electroweak scale set to tan � = 5, the sign of the higgsino
mass term set to be positive, and the universal scalar mass set to m0 = 5 TeV. The proper lifetime and
the mass of the chargino are scanned in the range from 10 ps to 10 ns and from 100 GeV to 700 GeV
respectively. For the strong production, samples are generated for gluino masses varying from 700 GeV
to 2200 GeV with LSP mass from 200 GeV to mg̃ � 100 GeV. The SUSY mass spectrum, the branching
ratios and decay widths are calculated using ISASUSY ver.7.80 [24]. The signal samples are generated
with up to two extra partons in the matrix element using MG5_aMC@NLO 2.3.3 [25] at leading order
(LO) interfaced to P����� 8.186 [26] for parton shower, hadronisation and SUSY particle decay. The
NNPDF2.3LO [27] parton distribution function (PDF) set is used. Renormalisation and factorisation
scales are determined by the default dynamic scale choice of MG5_aMC@NLO. The CKKW-L merging
scheme [28] is applied to combine tree-level matrix elements containing multiple partons with parton
showers. A scale parameter for merging is set to a quarter of the mass of the wino for the wino-pair
production or a quarter of the gluino mass for the strong production channel. The A14 [29] set of tuned
parameters with simultaneously optimised multiparton interaction (MPI) and parton shower (ISR, FSR)
parameters is used for underlying event together with the NNPDF2.3LO PDF set. Charginos are forced to
decay into a pion and a neutralino.

The cross sections of the electroweak production are calculated at the next-to-leading order (NLO) in
the strong coupling constant using P�������2 [30]. The cross sections of the strong production are
calculated in the same way as in the electroweak channel, adding the resummation of soft gluon emission
at next-to-leading-logarithmic accuracy (NLO+NLL) [31]. In both channels, an envelope of cross-section
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Figure 8: Exclusion limit at 95% CL obtained in the electroweak production channel in terms of the lifetimes and
the masses of chargino. The yellow band shows the 1� region of the distribution of the expected limits. The
median of the expectation is shown in a dashed line. The red line shows the observed limit and the orange band
around it shows the impact on the observed limit of the variation of the nominal signal cross-section by ±1� of its
theoretical uncertainties. Results are compared with the observed limits obtained by the previous ATLAS search
with disappearing tracklets [16] and an example of the limit obtained at LEP2 by the ALEPH experiment [60].
The lifetime of chargino as a function of the chargino mass are shown in the almost pure wino LSP scenario at the
two-loop level [61].
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Background estimation:
No prompt SM background, but several other sources of 
disappearing-tracks.

Interpretation:
No significant excess above SM background 
prediction for 36.1 fb-1. 
Set exclusion limit depending on chargino 
lifetime τ.  
Can exclude masses up to 550 GeV for          
τ (χ1±) ≈ 1 ns.  
Around 430 GeV for pure-wino LSP 
scenario.

(I) Hard-scattered hadrons estimated with sample of non-scattered hadrons 
and a track-smearing function. 

(II) Leptonic bremsstrahlung taken from 1-lepton CR weighted with lepton 
mis-identification probabilities. 

(III) Close-by tracks are extrapolated from CR with inverse IP requirement:         
|d0|/σ(d0) > 10.
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Figure 7: Disappearing tracklet pT spectrum in various regions. (a) Electroweak channel in the low-Emiss
T region. (b)

Strong channel in the low-Emiss
T region. (c) Electroweak channel in the high-Emiss

T region. (d) Strong channel in the
high-Emiss

T region. Observed data are shown with markers and the background components for the background-only
fit are shown with lines. An example of the expected signal spectrum is overlaid for comparison. The bottom panels
show the ratio of the data and the background predictions. The error band shows the uncertainty of the background
expectation including both statistical and systematic uncertainties.
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Exclusion limit on χ1± vs. τ Dis. tracklet pT spectrum
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Electroweak SUSY searches can be interesting if 
masses of gluinos & squarks are significantly 
larger than the EW particles. 

Presented different searches for EW production 
of gauginos and sleptons at ATLAS. 

2/3 lepton search: Three different search 
channels inspired by five different models     
(blue, red, pink). 

Di-tau search: Interpretation for χ1+ χ1-  and           
χ1± χ20 production with two taus in final state 
(violet). 

Disappearing-tracks: Strong constraints on long-
lived charginos. 

A lot of other searches for EW SUSY ongoing.    
⇒ Many new results soon.

Fabio Cardillo         -      EW SUSY at ATLAS
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Supersymmetry (SUSY) is a spacetime symmetry that relates bosons, which have an integer-
valued spin and fermions, which have a half-integer spin. 
Each fermion/boson is associated with a boson/fermion, known as its superpartner, which spin  
differs by a half-integer. 
Since the superpartners cannot have the same masses as the SM particles, SUSY must be a 
broken theory. 

20 Standard Model and Supersymmetry

for SUSY searches will be addressed and some existing constraints on the theory
presented.

1.2.1 Theoretical Introduction

Supersymmetry is a symmetry that relates fermions and bosons [9] [10]. The oper-
ator Q, supercharge, is the generator of the symmetry transformation:

Q|bosoni = |fermioni
Q|fermioni = |bosoni (1.19)

Q is a spinor operator and thus carries a spin angular momentum of 1
2 . Its hermitian

conjugate Q† is also a symmetry generator with spin 1
2 . From the spinorial nature

of the symmetry generator follows that SUSY is a space-time symmetry.
With this new symmetry it is possible to associate to every SM particle a super-
partner that di↵ers for ±1

2 unit of spin from the original particle, but with all the
others quantum numbers unchanged. The superpartners are then organized into
chiral supermultiplets that contain both the SM particles and theirs supersymmet-
ric partners.
The generators of the symmetry must satisfy commutation and anticommutation
relations resulting from an extension of the Coleman-Mandula theorem1.

{Q↵, Q
†
�} = P µ (1.20)

{Q↵, Q�} = {Q†
↵, Q

†
�} = 0 (1.21)

[P µ, Q↵] = [P µ, Q†
↵] = 0 (1.22)

with P µ: four-momentum generator of spacetime translations that transforms as a
spin 1 particle under Lorentz boosts and rotations. The commutation between Q
and P µ implies also [P 2, Q↵] = 0 where P 2 is the mass of the particle. Therefore
particle of the same supermultiplet must have equal mass.
On top of the previous relations Q and Q† also commute with the generator of the
gauge transformations, hence particles in the same supermultiplet must have the
same electric charge, weak isospin, color charge.
The commutation and anticommutation relations are invariant under chiral rota-
tions. We can introduce an U(1) axial generator R, called R-invariance, with the
property

[Q↵, R] = (�5)↵�Q� (1.23)

It is then possible to introduce the R-parity, a new multiplicative quantum number
with respect to SM, that derives from R-invariance.

R = (�1)3(B�L)+2S (1.24)

1Coleman-Mandula theorem states that the space-time symmetry of the Poincaré matrix cannot
be conjoined with any other continuous symmetry such as internal symmetries

Supersymmetry provides a solution for the Hierarchy problem (quadratic divergences to the 
Higgs boson mass are cancelled by SUSY terms). 
Postulate new quantum number: R-parity 
If R-parity is conserved, the lightest supersymmetric particle (LSP) is stable. Thus, it can be 
a suitable candidate for Dark Matter.
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SUSY particles:  

B: baryon no, L: lepton no, S: spin
R = +1
R = −1
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production. In addition, a set of inclusive signal regions are defined, which are used to test for an excess261

and in the calculation of model-independent limits in Section 9. The definitions of these regions are also262

provided in Table 1.263

2`+0jets binned signal region definitions

mT2[GeV] m`` [GeV] SF bin DF bin

100-150

111-150 SR2-SF-a

SR2-DF-a150-200 SR2-SF-b
200-300 SR2-SF-c
> 300 SR2-SF-d

150-200

111-150 SR2-SF-e

SR2-DF-b150-200 SR2-SF-f
200-300 SR2-SF-g
> 300 SR2-SF-h

200-300

111-150 SR2-SF-i

SR2-DF-c150-200 SR2-SF-j
200-300 SR2-SF-k
> 300 SR2-SF-l

> 300 > 111 SR2-SF-m SR2-DF-d
2`+0jets inclusive signal region definitions

> 100 > 111 SR2-SF-loose -
> 130 > 300 SR2-SF-tight -
> 100 - - SR2-DF-100
> 150 - - SR2-DF-150
> 200 - - SR2-DF-200
> 300 - - SR2-DF-300

Table 1: The definitions of the binned and inclusive signal regions for the 2`+0jets channel.

In the 2`+jets channel two inclusive signal regions, denoted SR2-int and SR2-high, are used to target264

intermediate and large mass splittings between the �̃±1 / �̃
0
2 and the LSP. In addition to the pre-selection265

used in the 2`+0jets channel (minus the non-b-tagged jet veto requirement), the sub-leading lepton is also266

required to have pT > 25 GeV and events must have at least two signal jets with pT > 30 GeV. A b-jet veto267

is also applied (defined in the same way as in the 2`+0jets channel). Many of the selection requirements268

defining these regions are used to select two leptons consistent with an on-shell Z boson and two jets269

consistent with a W boson. A tight requirement on mT2 is also used to suppress the tt̄ background. After270

these selection requirements, the SM backgrounds are suppressed by other requrements on Emiss
T which271

provide sensitivity to the SUSY processes of interest. An additional region, denoted SR2-low, is also272

defined to target lower mass splittings (in particular, the region of parameter space around {m( �̃±1 )=m( �̃0
2),273

m( �̃0
1)} = {200,100} GeV). It is split into two orthogonal sub-regions which are merged when presenting274

the results in Section 9. SR2-low-2J requires exactly two jets which are both assumed to originate from275

the W boson, while the SR2-low-3J requires 3–5 signal jets and assumes the �̃±1 �̃
0
2 system recoils against276

initial-state-radiation (ISR) jets. The two jets originating from the W boson are selected to be those closest277

to the Z (! ``) + Emiss
T system that have a mass m j j consistent with the mass of the W boson. This is278

di�erent to SR2-int and SR2-high, where the two jets leading in pT in the event are used to define the W279

boson candidate. All regions use angular variables to select the signal topologies of interest, in the case280
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of SR2-low: a W boson recoiling against the Z+Emiss
T system for SR2-low-2J and a W+Z+Emiss

T system281

recoiling against ISR jets in SR2-low-3J. The definitions of the signal regions in the 2`+jets channel are282

summarised in Table 2.283

2`+jets signal region definitions

SR2-int SR2-high SR2-low-2J SR2-low-3J
nnon�b�tagged jets � 2 2 3-5
m`` [GeV] 81-101 81-101 86-96
m j j [GeV] 70-100 70-90 70-90
Emiss

T [GeV] >150 > 250 >100 >100
pZ

T [GeV] >80 > 60 > 40
pWT [GeV] >100
mT2 [GeV] >100
�R( j j ) <1.5 <2.2
�R(``) <1.8
��( ~Emiss

T ,Z ) < 0.8
��( ~Emiss

T ,W ) 0.5-3.0 > 1.5 < 2.2
Emiss

T /pZ
T 0.6 � 1.6

Emiss
T /pWT < 0.8
��( ~Emiss

T ,ISR) > 2.4
��( ~Emiss

T ,jet1) > 2.6
Emiss

T /ISR 0.4-0.8
|⌘(Z ) | < 1.6
pjet3

T [GeV] > 30

Table 2: Signal region definitions used for the 2`+jets channel. The abbreviations W and Z correspond to the
reconstructed W - and Z-bosons in the final state. The Z-boson is always reconstructed from the two leptons,
whereas the W -boson is reconstructed from the two jets leading in pT for SR2-int, SR2-high and the 2-jets channel
of SR2-low, whilst for the 3-5 jets channel of SR2-low it is reconstructed from the two jets which combine to
be closest in a �R(=

p
�⌘2 + ��2) cone to the Z (! ``) + Emiss

T system. ISR refers to the vectorial sum of the
initial-state-radiation jets in the event (i.e. those not used in the W reconstruction) and jet1 and jet3 refer to the
leading and third leading jet respectively.

The 3` channel targets �̃±1 �̃
0
2 pair production and uses kinematic variables such as Emiss

T and the transverse284

mass mT, which were used in the Run-I analysis [23]. Events are required to have exactly three baseline285

leptons satisfying the signal lepton requirements and zero b-tagged jets. In addition, two of the leptons286

must form a SFOS pair (as expected in �̃0
2 ! `+`� �̃0

1 decays). To resolve ambiguities when multiple SFOS287

pairings are present, the transverse mass value of the unpaired lepton is calculated for each possible SFOS288

pairing and the lepton that yields the minimum transverse mass is assigned to the W boson. This transverse289

mass value is denoted by mmin
T , and is used alongside Emiss

T , jet multiplicity (in the gauge-boson-mediated290

scenario) and other relevant kinematic variables to define binned signal regions that have sensitivity to291

˜̀-mediated and gauge-boson-mediated decays. The definitions of these binned regions are provided in292

Table 3. The bins denoted “slep-a,b,c,d,e” target ˜̀-mediated decays and consequently have a veto on293

SFOS pairs with an invariant mass consistent with the Z boson (this suppresses the W Z background).294

The invariant mass of the SFOS pair, m``, the missing transverse momentum, Emiss
T , and the pT of the295

third leading lepton, p`3
T , are used to define the SR bins. Conversely, the bins denoted “WZ-0Ja,b,c” and296

”WZ-1Ja,b,c” target gauge-boson mediated-decays and thus require the SFOS pair to have an invariant297
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mass consistent with an on-shell Z boson. The 0-jet and � 1-jet channels are considered separately and298

the regions are binned in mmin
T and Emiss

T .

3` binned signal region definitions

mSFOS Emiss
T p`3

T nnon�b�tagged jets mmin
T p```T pjet1

T Bins
[GeV] [GeV] [GeV] [GeV] [GeV] [GeV]

<81.2 > 130 20-30
> 110 SR3-slep-a

> 30 SR3-slep-b

>101.2 > 130
20-50

> 110
SR3-slep-c

50-80 SR3-slep-d
> 80 SR3-slep-e

81.2-101.2
60-120

0 > 110
SR3-WZ-0Ja

120-170 SR3-WZ-0Jb
> 170 SR3-WZ-0Jc

81.2-101.2
120-200

� 1
> 110 < 120 > 70 SR3-WZ-1Ja

> 200 110-160 SR3-WZ-1Jb
> 35 > 160 SR3-WZ-1Jc

Table 3: Summary of the binned signal regions used in the 3` channel. The bins labelled “slep” target slepton-
mediated decays whereas those labelled “WZ” target gauge-boson-mediated decays. p`3

T refers to the pT of the third
leading lepton and pjet1

T denotes the pT of the leading signal jet.
299

7 Background estimation and validation300

The SM backgrounds contributing in the two- and three-lepton final states can be classified into irreducible301

backgrounds which contain processes leading to events with prompt and isolated leptons, and reducible302

backgrounds, which contain events that either contain at least one “fake” or non-prompt (denoted FNP)303

lepton, or where experimental e�ects (e.g., detector mismeasurement of objects, usually jets) lead to304

significant “fake” Emiss
T . An FNP lepton is a non-prompt lepton that can originate from a semi-leptonic305

decays of a b- or c-hadron, from misidentification of a light-flavoured jet, or from a photon conversion.306

A summary of the background estimation techniques used in each channel is provided in Table 4. In the307

2`+0jets and 3` final states the dominant backgrounds are normalized in dedicated control regions (CRs)308

which are included, together with the SRs, in simultaneous likelihood fits to data to extract the final results.309

In the 2`+jets channel no CRs are used, and the likelihood fits include the SRs only. The likelihood fits310

are described in more detail in Section 9.311

For the two-lepton channels the dominant backgrounds are irreducible processes including SM diboson312

production (WW ,W Z and Z Z), Z/�+jets and tt̄, where diboson processes dominate the 2`+0jets channel313

whereas the 2`+jets channel is dominated by SM processes that give an on-shell Z boson (i.e. diboson and314

Z/�+jets). For the 2`+0jets channel MC is used to predict kinematic distributions for these backgrounds,315

but the tt̄ and diboson backgrounds are then normalised to data in dedicated control regions. For the316

diboson backgrounds SF and DF events are treated separately and two control regions are defined. The317

first one (CR2-VV-SF) selects SFOS lepton pairs with an invariant mass consistent with the Z boson mass318

and has a hard requirement on mT2 > 130 GeV to reduce the Z/�+jets contamination. This region is319

dominated by Z Z events, with subdominant contributions from W Z and WW events. The DF diboson320
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Figure 3: The E

miss
T (left) and mT2 (right) distributions in the multi-jet background VR-F for SR-lowMass (top)

and VR-F for SR-highMass (bottom). The stacked histograms show the contribution of the non-multi-jet SM
backgrounds from MC simulation, normalised to 36.1 fb�1. The multi-jet contribution is estimated from data using
the ABCD method. The hatched bands represent the combined statistical and systematic uncertainties on the sum
of the SM backgrounds shown. For illustration, the distributions of the SUSY reference points (defined in Section
3) are also shown as dashed lines. The last bin includes the overflow.

Table 3: The W -CR (left) and W -VR (right) definitions.

W -CR W -VR
one isolated muon and one medium tau lepton with opposite sign

b-jet veto
m(µ, ⌧) > 70 GeV

E

miss
T > 60 GeV

50 GeV < mT,µ < 150 GeV
mT,µ + mT,⌧ > 80 GeV

0.5 < �R(µ, ⌧) < 3.5 0.5 < �R(µ, ⌧) < 4.5
10 GeV < mT2 < 60 GeV mT2 > 60 GeV
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Table 2: Definition of the regions used in the ABCD method for the multi-jet estimation in SR-lowMass (left) and
SR-highMass (right). Only those requirements that are di�erent in the CRs/VRs with respect to the SRs are listed.

CR-A SR-D (SR-lowMass)
di-tau+Emiss

T trigger
� 2 loose tau leptons (SS) � 2 medium tau leptons (OS)
m(⌧1, ⌧2) < 250 GeV
�R(⌧1, ⌧2) > 1.5
Emiss

T > 150 GeV Emiss
T > 150 GeV

mT2 > 70 GeV mT2 > 70 GeV
VR-E VR-F

di-tau trigger
� 2 loose tau leptons (SS) � 2 medium tau leptons (OS)
m(⌧1, ⌧2) < 250 GeV
�R(⌧1, ⌧2) > 1.5
Emiss

T > 40 GeV Emiss
T > 40 GeV

50 < mT2 < 70 GeV 50 < mT2 < 70 GeV
CR-B CR-C

di-tau trigger
� 2 loose tau leptons (SS) � 2 medium tau leptons (OS)
m(⌧1, ⌧2) < 250 GeV
�R(⌧1, ⌧2) > 1.5
Emiss

T > 40 GeV Emiss
T > 40 GeV

20 < mT2 < 50 GeV 20 < mT2 < 50 GeV

CR-A SR-D (SR-highMass)
di-tau+Emiss

T or asymmetric di-tau trigger
� 2 loose tau leptons (OS) � 2 medium tau leptons (OS)

< 1 medium 1 tight tau leptons � 1 tight tau lepton
�R(⌧1, ⌧2) > 1.8
Emiss

T > 110 GeV Emiss
T > 110 GeV

mT2 > 90 GeV mT2 > 90 GeV
VR-E VR-F

di-tau or asymmetric di-tau trigger
� 2 loose tau leptons (OS) � 2 medium tau leptons (OS)

< 1 medium 1 tight tau leptons � 1 tight tau lepton
�R(⌧1, ⌧2) > 1.8
Emiss

T > 40 GeV Emiss
T > 40 GeV

60 < mT2 < 90 GeV 60 < mT2 < 90 GeV
CR-B CR-C

di-tau or asymmetric di-tau trigger
� 2 loose tau leptons (OS) � 2 medium tau leptons (OS)

< 1 medium 1 tight tau leptons � 1 tight tau
�R(⌧1, ⌧2) > 1.8
Emiss

T > 40 GeV Emiss
T > 40 GeV

10 < mT2 < 60 GeV 10 < mT2 < 60 GeV

the invariant mass of the muon and tau lepton, m(µ, ⌧) > 70 GeV are required. Events in the W -CR
are selected by requiring low mT2, while a high mT2 region is used to validate the W+jets estimate (W
validation region, W -VR). The definitions of the W -CR and W -VR are given in Table 3.

The multi-jet contribution in the W -CR (-VR) is estimated using the so-called OS–SS method by counting
the number of events in data satisfying the same requirements as the W -CR (-VR) but with the charge of
the two leptons having the same-sign (SS). Events from SM processes other than multi-jet production are
subtracted from the data counts in the SS region using their MC prediction. The OS–SS method relies on
the fact that in the multi-jet background the ratio of SS to OS events is close to unity, while a significant
di�erence from unity is expected for W+jets production. The latter is dominated by gu/gd-initiated
processes that often give rise to a jet originating from a quark, the charge of which is anti-correlated
with the W -boson charge. Based on studies with simulated samples, a systematic uncertainty of 100 % is
assigned to the multi-jet estimation in the W -CR.

The event yields in the W -CR and W -VR are given in Table 4. The purity of the selection in W+jets events
is around 72 % (77 %) in the W -CR (VR). Good agreement between data and SM predictions is observed.
The signal contamination in the W -CR and W -VR is negligible. Distributions of the kinematic variables
defining the SRs are shown in Figure 4, in which the contribution of W+jets events is scaled with the
normalisation factor 1.02 obtained from the fit described in Section 8.

6.3 Irreducible background estimation

Irreducible SM backgrounds arise mainly from tt̄, single top quark, tt̄+V , Z/�⇤+jets, and diboson (WW ,
W Z and Z Z) processes and are estimated with MC simulation. Other SM backgrounds are negligible.

The inclusive contribution from tt̄, single top quark, tt̄+V and Z/�⇤+jets amounts to about 18 % (13 %)
of the total background in the SR-highMass (SR-lowMass). The MC estimates are validated in regions
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Definition of the control- and validation regions 
used for the ABCD method.

Table 7: Observed and expected number of events in the signal regions for 36.1 fb�1. The contributions of multi-jet
and W+jets events are scaled with the normalisation factors obtained from the background-only fit described in
Section 8. Expected event yields for the SUSY reference points (defined in Section 3) are also given. The shown
uncertainties are the sum in quadrature of statistical and systematic uncertainties. The correlation of systematic
uncertainties among control regions and among background processes is fully taken into account. The one-sided
p0-values, the observed and expected 95 % CL upper limits on the visible non-SM cross section (�95

vis), and the
number of signal events (S95

obs) are given. Values of p0 > 0.5 are truncated to p0 = 0.5.

SM process SR-lowMass SR-highMass
diboson 5.9 ± 2.2 1.0 ± 0.8
W+jets 1.8± 1.1 0.7± 0.5

Top quark 1.2 ± 1.0 0.03+0.26
�0.03

Z+jets 0.6+0.7
�0.6 0.6 ± 0.5

multi-jet 4.3 ± 4.0 1.3 ± 1.1
SM total 14 ± 6 3.7 ± 1.4
Observed 10 5

Reference point 1 11.6 ± 2.6 11.8 ± 2.8
Reference point 2 10.0 ± 2.1 11.4 ± 2.6

p0 0.5 0.3
Expected �95

vis [fb] 0.31+0.12
�0.08 0.17+0.08

�0.05
Observed �95

vis [fb] 0.26 0.20
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Figure 6: The mT2 distribution before the mT2 requirement is applied for SR-lowMass (left) and SR-highMass
(right), where the arrow indicates the position of the cut in the signal region. The stacked histograms show the
expected SM backgrounds normalised to 36.1 fb�1. The multi-jet contribution is estimated from data using the
ABCD method. The contributions of multi-jet and W+jets events are scaled with the corresponding normalisation
factors. The hatched bands represent the sum in quadrature of systematic and statistical uncertainties on the total
SM background. For illustration, the distributions of the SUSY reference points (defined in Section 3) are also
shown as dashed lines. The lower panels show the ratio of data to the total SM background estimate. The last bin
includes the overflow.
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Table 7: Observed and expected number of events in the signal regions for 36.1 fb�1. The contributions of multi-jet
and W+jets events are scaled with the normalisation factors obtained from the background-only fit described in
Section 8. Expected event yields for the SUSY reference points (defined in Section 3) are also given. The shown
uncertainties are the sum in quadrature of statistical and systematic uncertainties. The correlation of systematic
uncertainties among control regions and among background processes is fully taken into account. The one-sided
p0-values, the observed and expected 95 % CL upper limits on the visible non-SM cross section (�95

vis), and the
number of signal events (S95

obs) are given. Values of p0 > 0.5 are truncated to p0 = 0.5.

SM process SR-lowMass SR-highMass
diboson 5.9 ± 2.2 1.0 ± 0.8
W+jets 1.8± 1.1 0.7± 0.5

Top quark 1.2 ± 1.0 0.03+0.26
�0.03

Z+jets 0.6+0.7
�0.6 0.6 ± 0.5

multi-jet 4.3 ± 4.0 1.3 ± 1.1
SM total 14 ± 6 3.7 ± 1.4
Observed 10 5

Reference point 1 11.6 ± 2.6 11.8 ± 2.8
Reference point 2 10.0 ± 2.1 11.4 ± 2.6

p0 0.5 0.3
Expected �95

vis [fb] 0.31+0.12
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Figure 6: The mT2 distribution before the mT2 requirement is applied for SR-lowMass (left) and SR-highMass
(right), where the arrow indicates the position of the cut in the signal region. The stacked histograms show the
expected SM backgrounds normalised to 36.1 fb�1. The multi-jet contribution is estimated from data using the
ABCD method. The contributions of multi-jet and W+jets events are scaled with the corresponding normalisation
factors. The hatched bands represent the sum in quadrature of systematic and statistical uncertainties on the total
SM background. For illustration, the distributions of the SUSY reference points (defined in Section 3) are also
shown as dashed lines. The lower panels show the ratio of data to the total SM background estimate. The last bin
includes the overflow.
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The mT2 distribution of SR-lowMass 
(l) and SR-highMass (r) before the 
mT2 requirement. 
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Figure 5: (a) Distribution of the di�erence of q/pT of a pixel tracklet and a standard track in Z ! µµ events in
data. The solid line shows the smearing function used to construct the background pT template, which is described
in Section 6.1. The red band indicates a 1� variation of the systematic uncertainty (see Section 7). The data are
normalized to unit area. (b) Validation of the smearing procedure in Z ! µµ events in simulation. In the upper
part, green and red points show the pT distribution of standard tracks and pixel tracklets, respectively. Blue points
show the pT spectrum obtained by convolving the standard track pT distribution with the smearing function. In the
lower part, the ratio of the distribution of the pixel tracklet and the smeared spectrum is shown.

empirical formula:

f (z) =

8>>>><>>>>:

exp(↵(z + ↵/2)) (z < �↵)
exp(�z2/2) (�↵ < z < ↵)
exp(�↵(z � ↵/2)) (z > ↵),

(1)

z =
�q/pT � m
�

, (2)

where m, � and ↵ are parameters representing the mean, the resolution of the core part of the distribution,
and the slope of the tail part, respectively. The measured resolution, for pT much larger than 10 GeV,
is rather poor due to the limited lever-arm of the pixel tracklet. The smearing procedure is validated in
simulated Z ! µµ events, as shown in Figure 5 (b). The pT spectrum from the refitted pixel tracklets
is compared to the one created by convolving the standard track pT spectrum and the smearing function.
The two spectra agree very well up to 12.5 TeV.

Hadron background: Assuming that the pT spectrum of hadrons scattered in the ID is the same as that
of non-scattered hadrons, the pT spectrum of non-scattered hadrons can be extracted from standard tracks
in a control sample of non-scattered hadrons. This assumption has been verified with simulation. The
control sample is obtained by applying the same kinematic requirements as for the signal region and then
selecting a sample of tracks which satisfy the following requirements:
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Disappearing-track analysis

ATLAS-CONF-2017-017
High Emiss

T region Electroweak channel Strong channel

(m �̃±1
, ⌧�̃±1 ) =(400 GeV, 0.2 ns) (mg̃ , m �̃±1

, ⌧�̃±1 ) =(1600 GeV, 500 GeV, 0.2 ns)

Number of observed events with pT > 100 GeV

Observed 9 2

Number of expected events with pT > 100 GeV

Hadron+electron background 6.1 ± 0.6 2.08 ± 0.35

Muon background 0.1549 ± 0.0022 0.0385 ± 0.0005

Fake background 5.5 ± 3.3 0.0 ± 0.8

Total background 11.8 ± 3.1 2.1 ± 0.9

Expected signal 10.4 ± 1.7 4.1 ± 0.5

CLb 0.39 0.702

Observed �95%
vis [fb] 0.22 0.14

Expected �95%
vis [fb] 0.24+0.10

�0.07 0.11+0.06
�0.04

Table 2: Observed events, background predictions, and expected signal yields for two benchmark models: elec-
troweak channel with (m �̃±1

, ⌧�̃±1 ) =(400 GeV, 0.2 ns) and strong channel with (mg̃ , m �̃±1
, ⌧�̃±1 ) =(1600 GeV, 500 GeV,

0.2 ns) in the high-Emiss
T region. Also shown are the CLb and the upper limit on the visible cross-section (�95%

vis ) at
95% CL.

8 Results

The tracklet pT spectra are shown in Figure 7, along with the results of the fit to the background-only
hypothesis. The observed pT distributions are well described by the background predictions in the
low-Emiss

T regions and no significant excess is seen at high tracklet pT in high-Emiss
T regions.

Table 2 lists the observed events yields together with expected background and signal yields in the high-
Emiss

T region. The number of expected and observed events with a tracklet with pT above 100 GeV is
shown in the table for di�erent background and signal processes. No significant excesses, relative to the
expected background, are observed. In order to translate the expected and observed event yields into limits
on the signal strength, the profile-likelihood ratio [58] is used as a test statistic, fitting the pT spectrum
in the full range. The confidence levels are computed based on the asymptotic formula in Ref. [58] and
following the CLs prescription [59]. The compatibility with the background-only hypothesis (CLb) and
the upper limits on the visible signal cross-section are shown in Table 2. Data are consistent with the
background-only hypothesis.

As no significant excess is found, exclusion limits are computed on the signal strength. Figure 8 shows
the exclusion limits in the (m �̃±1

; ⌧�̃±1 ) plane for the electroweak channel, where ⌧�̃±1 is the lifetime of the
chargino. A large region is excluded by this analysis while the 8 TeV result [16] has higher sensitivity for
long lifetimes due to the use of longer tracklets. For ⌧�̃±1 ⇠ 0.2 ns, which corresponds to �m �̃1 ⇠ 160 MeV
in the pure wino LSP model, winos with a mass up to 430 GeV are excluded at 95% CL. Figure 9 shows
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Observed and total expected events in electroweak and 
strong search channel.

Resolution smearing-function. Diff. of   q/pT  

between standard tracks and pixel tracklets.

Schematic layout of the ATLAS Inner Detector with the 
new IBL (r).
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Electroweak ≥4L analysis

Search for supersymmetry in events with four or more 
leptons. 
Inspired by χ1+ χ1-  production scenario with RPV decay 
chain (λ121, λ122 couplings). 
Two signal regions are defined: A general one SR-A 
and one with a higher meff cut SR-B.

ATLAS-CONF-2016-075
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Figure 1: Diagram of the benchmark SUSY model of chargino production with indirect RPV decays.

2 SUSY scenarios

In the benchmark model considered for this analysis, wino-like charginos are pair-produced, and the LSP
is a bino-like neutralino. The �̃±1 decays to the LSP while emitting a W boson, as shown in Figure 1.
The subsequent �̃0

1 decay is mediated by the 1
2�i jkLiL j Ēk term in Eq. 1, allowing each LSP to undergo a

lepton-number-violating RPV decay:
�̃0

1 ! `±k `⌥i/j⌫j/i, (2)

with the allowed lepton flavours depending on the indices of the associated �i jk couplings. Thus, every
signal event contains a minimum of four charged leptons, and potentially up to six if both W bosons decay
leptonically.

In principle, the nine �i jk RPV couplings allow the �̃0
1 to decay to every possible combination of charged

lepton pairs. The scenarios considered here include decays to electrons and muons only, with a branching
fraction of 1/3 each for �̃0

1 ! e+e�⌫, �̃0
1 ! e±µ⌥⌫ and �̃0

1 ! µ+µ�⌫. Terms with non-zero values
of the �121 and �122 couplings can give rise to these �̃0

1 decays, and in the following we refer to these
SUSY scenarios as LLĒ12k (k = 1, 2). However, the �̃0

1 branching fractions cannot be reproduced by a
single non-zero LLĒ coupling. Instead, interpretations in “pure” coupling scenarios can be obtained by
appropriate reweighting of the simulated events, analogous to the procedures used in Ref. [31].

Chargino masses of 500 � 1200 GeV are studied for the LLĒ12k scenarios, where the LSP masses range
from 10 GeV  m( �̃0

1)  m( �̃±1 ) � 10 GeV to ensure both the RPC cascade and the RPV LSP decay are
prompt. Over this chargino mass range, the �̃+1 �̃

�
1 production cross-section varies from about 22 fb to

about 0.2 fb [32, 33].

3 The ATLAS detector

The ATLAS detector [34] is a multipurpose particle physics detector with forward-backward symmetric
cylindrical geometry1. The inner tracking detector (ID) covers |⌘ | < 2.5 and consists of a silicon pixel

1 ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the center of the
detector and the z-axis along the beam pipe. The x-axis points from the IP to the center of the LHC ring, and the y-
axis points upward. Cylindrical coordinates (r, �) are used in the transverse plane, � being the azimuthal angle around
the z-axis. The pseudorapidity is defined in terms of the polar angle ✓ as ⌘ = � ln tan(✓/2). Rapidity is defined as

3

Events with four or more signal leptons (e, µ) are selected and those consistent with containing a leptonic
Z-boson decay are vetoed. This Z veto rejects events where any SFOS lepton pair combination has an
invariant mass close to the Z boson mass, in the range 81.2 � 101.2 GeV. To suppress radiative Z-boson
decays, the Z veto also considers combinations of any SFOS pair with an additional lepton (SFOS+`), or
with a second SFOS pair (SFOS+SFOS), and rejects events where either the SFOS+` or the SFOS+SFOS
invariant mass lies in the range 81.2 � 101.2 GeV.

The e�ective mass of the event, me� , is used to separate the SM background from SUSY signal, where
me� is defined as the scalar sum of the Emiss

T , the pT of signal leptons and the pT of jets with pT > 40 GeV.
The pT > 40 GeV threshold on jets aims to suppress contributions from pile-up and the underlying event.
Two signal regions (SR) are defined: a general signal region (SRA) with me� > 600 GeV, and a tighter
signal region (SRB) with me� > 900 GeV, optimised for the LLĒ12k models considered here. The signal
region definitions can be seen in Table 3, along with the definitions for the control regions (CR) and
validation regions (VR) discussed in Section 6.

Sample N (e, µ) signal N (e, µ) loose Z boson me� [GeV]

SRA >= 4 >= 0 veto > 600
CR-SRA = 2 >= 2 veto > 600

SRB >= 4 >= 0 veto > 900
CR-SRB = 2 >= 2 veto > 900

VR >= 4 >= 0 veto < 600
CR-VR = 2 >= 2 veto < 600

Table 3: Signal region, control region, and validation region definitions. Loose leptons are candidate leptons
surviving overlap removal that do not pass signal lepton criteria.

6 Background determination

Several SM processes can result in signatures appearing like SUSY signals with four reconstructed
leptons, including both “real” and “fake” lepton contributions. Here, a real lepton is a prompt and
genuinely isolated lepton, while a fake lepton is a non-prompt or non-isolated lepton that could originate
either from semi-leptonic decays of b and c hadrons, or from mis-identification of light flavour jets, or
from photon conversions. The SM processes are classified into two categories:

Irreducible background: processes leading to events with four or more real leptons.
Z Z , tt̄ Z , tt̄WW , tW Z , VV Z (Z Z Z , W Z Z , WW Z), Higgs (gluon fusion H , associated production
V H , vector boson fusion H , tt̄H), tt̄tt̄, tt̄tW .

Reducible background: processes leading to events with at least one fake lepton. Processes listed under
irreducible that do not undergo a decay to four real leptons are also included in the reducible
background.

1 fake lepton: W Z , WWW , tt̄W .

2 fake leptons: tt̄, Z+jets.

7

Irreducible background (4 prompt leptons) is estimated with MC 
(mainly ttZ, ZZ, Higgs). 
Background with ≥ 2 fake leptons is predicted with fake-factor 
method:

Background estimation:

Estimation is checked in VR (SR with reverted meff cut). 
Uncertainty of this method is ≈ 50% (dominated by stat. 
uncertainty in CR). 
Total uncertainty in SR: 20% - 30%.

Observed and expected event yields in the VR are shown in Table 5, where good agreement is seen within
statistical and systematic uncertainties. The electron and muon pT distributions in the VR are shown in
Figure 2, while the me� distribution in the VR can be seen in the lower me� bins in Figure 3(a).
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Figure 2: For VR events, (a) the electron pT and (b) the muon pT distributions for data and the estimated SM
backgrounds. The irreducible and 1-fake lepton backgrounds are estimated from MC simulation while the 2-fake
lepton background is estimated from data. “Others” is the sum of the tW Z , tt̄WW , tt̄tt̄, ttt̄, and tt̄W backgrounds.
Both the statistical and systematic uncertainties are included in the shaded band.

7 Results

The expected and observed yields in each signal region are reported in Table 5, together with the statistical
and systematic uncertainties on the background predictions. Two events are observed in SRA in the
13.3 fb�1 dataset, while no events are observed in SRB; the observations are consistent with the SM
expectation. The me� and Emiss

T distributions for all events with four or more leptons that pass the Z boson
veto are shown in Figure 3.

The H���F����� [55] software framework is used for the statistical interpretation of the results. In order to
quantify the probability for the background-only hypothesis to fluctuate to the observed number of events
or higher, a one-sided p0-value is calculated using pseudoexperiments, where the profile likelihood ratio
is used as a test statistic [56] to exclude the signal-plus-background hypothesis. A signal model can be
excluded at 95% confidence level (CL) if the CLs [57] of the signal plus background hypothesis is <0.05.
For each signal region, the expected and observed upper limits at 95% CL on the number of beyond-the-SM
events (S95

exp and S95
obs) are calculated using the model-independent signal fit. The 95% CL upper limits on

the signal cross-section times e�ciency (h✏�i95
obs) and the CLb value for the background-only hypothesis

are also calculated for each signal region.

To set exclusion limits in the LLĒ12k models, the signal region with the best expected exclusion is
used. All experimental uncertainties are treated as correlated between regions and processes, with the

10

Muon pT distribution in VR

~ ~

Backgrounds with three or more fake leptons (e.g. W+jets) are found to be negligible for this analysis.

In the signal regions, the irreducible background is dominated by tt̄ Z , VV Z (V = W, Z), and Z Z , while
the reducible background is dominated by the 2-fake lepton background tt̄. The irreducible and 1-fake
lepton backgrounds are estimated from MC simulation, while the 2-fake lepton backgrounds are measured
in data with the “fake factor method”. The predictions for irreducible and reducible backgrounds are
tested in validation regions (Section 6.2).

In the fake factor method, the number of 2-fake lepton background events in a given region is estimated
from data using MC-based probabilities for a fake lepton to pass or fail the signal lepton selection. The
ratio F = f / f̄ for fake leptons is the “fake factor”, where f ( f̄ ) is the probability that a fake lepton is
misidentified as a signal (loose) lepton. Loose leptons are candidate leptons surviving overlap removal
that do not pass signal lepton criteria. A control region in data is used for the extraction of the 2-fake lepton
predictions. The CR definition only di�ers from that of the associated SR in the quality of the required
leptons; exactly two signal leptons and at least two loose leptons are required, as shown in Table 3.

Fake factors are calculated separately for light-flavour jets, heavy-flavour jets and photon conversions
(electrons only). These categories are referred to as fake lepton “types”. The dependence of the fake
factor on the lepton pT and ⌘ is taken into account; however, the small dependence of the fake factor on
the hard process (tt̄, Z+jets) is neglected, since tt̄ dominates the 2-fake lepton background in the signal
regions.

To account correctly for the relative abundances of fake lepton types and production processes, a weighted
average Fw of fake factors is computed in each CR, as:

Fw =
X

i

⇣
Ri ⇥ Fi

⌘
. (3)

The factor Ri is a “process fraction” that depends on the fraction of fake leptons of type i determined
from MC simulation in the control region, while Fi is the corresponding fake factor calculated using MC
simulation. For each fake lepton type, the fake factor from MC simulation is assumed to describe data
within 25%, and this systematic uncertainty is validated by comparing leptons from heavy flavour jets in
MC simulation and data. The comparison is made in a bb̄-dominated control sample, which selects events
with only one b-tagged jet containing a muon, and an additional signal or loose lepton.

The number NSR
red of background events with two fake leptons from reducible sources in each SR can be

determined from the number of events in data in the corresponding CR, NCR
data, according to:

NSR
red = [NCR

data � NCR
irr,1-fake] ⇥ Fw,1 ⇥ Fw,2, (4)

where Fw,1 and Fw,2 are the two weighted fake factors that can be constructed using the first and second
loose leptons in the CR, respectively. The small contribution from irreducible and 1-fake lepton back-
ground processes in the CR, NCR

irr,1-fake, is subtracted from the corresponding number of events seen in
data.

6.1 Systematic uncertainties

Several sources of systematic uncertainties are considered for the SM background estimates and signal
yield predictions. The primary sources of systematic uncertainty, described below, are summarized in
Table 4.
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Figure 3: For events with four or more leptons that pass the Z veto requirement, (a) the me� and (b) the Emiss
T

distributions for data, the estimated SM backgrounds, and an example SUSY scenario. The irreducible and 1-
fake lepton backgrounds are estimated from MC simulation while the 2-fake lepton background is estimated from
data. “Others” is the sum of the tW Z , tt̄WW , tt̄tt̄, ttt̄, and tt̄W backgrounds. Both the statistical and systematic
uncertainties are included in the shaded band. The red arrows indicate the me� selections in the signal regions. The
region with me� < 600 GeV is used to validate the SM background modelling.

events is found in data. The null result is interpreted in a simplified model of chargino pair production
with indirect RPV decays, where chargino masses up to 1.14 TeV are excluded for large LSP masses.
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Sample VR SRA SRB

Irreducible
Z Z 29 ± 5 0.6 ± 0.4 0.20 ± 0.19
tt̄ Z 2.05 ± 0.24 1.43 ± 0.23 0.47 ± 0.09
Higgs 1.7 ± 1.4 0.4 ± 0.4 0.11 ± 0.11
VV Z 0.72 ± 0.14 0.31 ± 0.06 0.123 ± 0.027
Others 0.28 ± 0.07 0.32 ± 0.04 0.181 ± 0.022

1-fake ` reducible 1.14 ± 0.07 0.168 ± 0.018 0.069 ± 0.014

2-fake ` reducible 16 ± 6 0.48 ± 0.24 0.11 ± 0.05

⌃ SM 51 ± 6 3.6 ± 0.6 1.26 ± 0.26

Data 53 2 0

p0 — 0.64 0.80
S95

obs — 4.3 3.0
S95

exp — 5.4+1.6
�1.3 3.8+1.3

�0.8
h✏�i95

obs [fb] — 0.32 0.22
CLb — 0.21 0.15

Table 5: Expected and observed yields for 13.3 fb�1 in the 4L validation and signal regions. “Others” is the sum
of the tW Z , tt̄WW , tt̄tt̄ and ttt̄ backgrounds. Statistical and systematic uncertainties are included. Also shown are
the model-independent limits calculated from the signal region observations: a one-sided p0-value; the expected
and observed upper limit at 95% CL on the number of beyond-the-SM events (S95

exp and S95
obs) for each signal region,

calculated using pseudoexperiments and the CLs prescription; the observed 95% CL upper limit on the signal
cross-section times e�ciency (h✏�i95

obs); and the CLb value for the background-only hypothesis.

exception of the experimental uncertainties on data-driven backgrounds, which are correlated between
regions only. Theoretical uncertainties on the irreducible background and signal are treated as correlated
between regions, while statistical uncertainties from MC simulation and data in the CR are treated as
uncorrelated between regions and processes. For the exclusion limits, the observed and expected 95%
CL limits are calculated using the Asimov dataset for each SUSY model point, taking into account the
theoretical and experimental uncertainties on the SM background and the experimental uncertainties on
the signal. The impact of the theoretical uncertainties on the signal cross-section is shown for the observed
mass limit; where quoted in the text, the mass limits refer to the observed limit without considering signal
cross-section uncertainties.

Figure 4 shows the exclusion contour of the LLĒ12k model, where �̃±1 with masses up to 1.14 TeV are
excluded for m( �̃0

1) > 500 GeV. The sensitivity is reduced where the decay products are boosted for large
mass splittings between the �̃±1 and the �̃0

1, and �̃±1 masses up to 1.07 TeV are excluded. This extends the
limits set in Ref. [16] by around 400 GeV.

8 Conclusion

Results are reported from a search for new physics in the final state with four or more leptons (electrons
or muons), no Z boson candidates, and large e�ective mass. The analysis is based on 13.3 fb�1 of proton-
proton collision data delivered by the LHC at

p
s = 13 TeV in 2015 and 2016. No significant excess of
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Results and interpretation:
No significant excess over the SM prediction in SR for 
13.3 fb-1 (only 2015 data). 
Can derive exclusion limits for χ1+ χ1- → W+ χ10 W- χ10, 
χ10 → l+l- v  scenario. 
Excluding chargino masses up to ≈ 1.15 TeV and 
neutralino masses up to ≈ 1.1 TeV.

meff distribution in SR (without meff cut)

Observed and expected exclusion limits (at 95% CL) 
on chargino/neutralino masses.
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