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At the LHC turn-on, many hoped that SUSY 
would be just around the corner.

• However, the search continues…

ESPP update due for approval by CERN 
council in May 2020

• Large effort to quantify the reach of 
the HL-LHC

• Yellow Report expected in December 2018

Introduction

T.Rizzo

L.Davis/The New York Times

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

SUSY is not a 
model, but a 
theoretical 
framework!
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Supersymmetry 

Lot of interesting consequences, theoretically sound, 
predictive framework, what about naturalness ?  

•  Current LHC: m(gluino)>2 TeV, m(stop)>1 TeV 
•   compare: Barbieri-Giudice 3% naturalness:  
    à m(gluino)<~1000 GeV; m(t1)<~500 GeV 
•   LHC limits way beyond naturalness bounds 
    à is SUSY unnatural? Is SUSY dead? NO  
        (and it’s not me saying that … ) 
 
Using electroweak fine-tuning (ΔEW), SUSY is 
natural (3-10%) with: gluinos up to 5-6 TeV, 
stop up to 2-3 TeV, squarks up to 10-20 TeV, + 
need low µH ~ 100-300 GeV 

H. Baer, FNAL HL/HE-LHC workshop 

higgsino is LSP, higgsino-like WIMP~100-300 GeV thermally under-produced as 
DM candidate: augment with e.g. axion 

EPJC77 (2017) 499 

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

Probing a guiding principle
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But where is SUSY?

• Barbieri-Giudice 3% naturalness
m(g) ≲ 1000 GeV
m(t1) ≲ 500 GeV

• LHC limits severly constraining these models

Is SUSY unnatural? Is it dead? Not really…

• Considering the electroweak fine-tuning 
(ΔEW), SUSY is natural (3-10%) with: 

m(g) ≲ 5-6 TeV
m(t1) ≲ 2-3 TeV
m(q) ≲ 10-20 TeV

• Need low µ ~ 100-300 GeV

Naturalness at the HL-LHC
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Naturalness at the HL-LHC
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What do we expect to be able to say?
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Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

surpassing the LEP limits have recently been set by the ATLAS experiment [16], excluding mass splittings59

down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also considered.60

2 ATLAS Detector61

The proposal for the upgraded ATLAS detector [17] which will operate at the HL-LHC includes a new all-62

silicon inner tracking detector, the Inner Tracker (ITk) [18, 19], composed of five layers of pixel detectors63

and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of64

charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial65

magnetic field, enabling the momentum measurement of the charged particles travelling through the inner66

tracker. The electromagnetic and hadronic calorimeters [20, 21] are located outside of the solenoid and67

provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon68

spectrometer [22], consisting of a set of superconducting torodial magnets and three layers of gaseous69

chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast70

detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.71

The on-line trigger system will also be replaced by a new system, which will be capable of processing72

the rate increase anticipated at the HL-LHC. Both searches plan to use an E
miss
T requirement to accepting73

events in the trigger, and the E
miss
T selection used in the searches are expected to be in the E

miss
T trigger74

plateau [23].75
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1 Introduction20

One of the most intriguing scenarios of new physics to look for at the Large Hadron Collider (LHC) is21

new particles with measurably long lifetimes. Whether in the Standard Model (SM) or in new physics22

models, particles can acquire discernible lifetimes from a variety of mechanisms, including weak e�ective23

couplings to the final state due to heavy intermediate particles, which can arise in models with mass24

hierarchies, or due to small coupling constants, which can arise from conserved or nearly-conserved25

symmetries. Long lifetimes can also manifest due to decays that are phase-space suppressed or from new26

particles which interact only weakly with the SM particles via mediators.27

If a new long-lived particle decays within the detector but at an observable distance from the proton-proton28

interaction point, and if its decay products include multiple charged particles reconstructed as tracks, it29

can produce a distinctive signature of an event containing at least one displaced vertex (DV). There are30

several recent papers at the LHC which have searched for displaced vertices, including Refs. [1–3].31

This note presents a projection of the expected sensitivity of the analysis published in Ref. [2] in the context32

of the planned upgrades to the LHC and the ATLAS detector, presenting in detail and extending a study33

shown in Ref. [4]. The study assumes that the High-Luminosity LHC (HL-LHC) will deliver 3000 fb�134

of collisions at
p

s = 14 TeV to the ATLAS experiment, and it explores the e�ect that the geometry of35

the new inner tracker (ITk) of the upgraded ATLAS detector will have in extending the acceptance for36

reconstructing DVs.37

The search presented here requires at least one displaced vertex reconstructed within the ITk, and events are38

required to have at least moderate missing transverse momentum (Emiss
T ), which serves as a discriminant39

against background as well as an object on which to trigger. The analysis sensitivity is projected for a40

benchmark supersymmetry model of pair production of long-lived gluinos, as shown in Figure 1. Each41

gluino hadronizes into an R-hadron and decays through a heavy virtual squark into a pair of SM quarks and42

a stable neutralino with a mass of 100 GeV. Results are presented for discovery and exclusion potential43

are explored for several di�erent gluino lifetimes and for varying masses of the gluino.44

Figure 1: The benchmark model considered in this projection is a supersymmetric scenario with a long-lived gluino,
which hadronizes after production into an R-hadron, and then decays through a virtual squark into a pair of SM
quarks and a neutralino.
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1 Introduction

The aim of this note is to assess the ATLAS sensitivity to top squark (stop in the following) pair production
using the dataset expected to be collected by the upgraded detector during the Large Hadron Collider (LHC)
high luminosity data-taking (HL-LHC in the following). The stops are the scalar supersymmetric [1–6]
partners of the top quark fermionic degrees of freedom: for each of the two top chirality eigenstates tL, tR
the existence of partner scalar states t̃L, t̃R is postulated. The two scalar states mix to form mass eigenstates
t̃1, t̃2, where, by convention, t̃1 is the lightest. Because of the large top quark Yukawa coupling, large
stop masses tend to introduce large fine tuning [7, 8] in many supersymmetric models (and notably in the
MSSM [9, 10]). Naturalness requirements normally set upper bounds for stop masses in the TeV range
(although recent re-analyses of the fine tuning concept led to relax these requirements significantly [11]).
These bounds may imply that the stops are within energetic reach of the LHC. This has triggered a lot of
interest by the LHC collaborations (see, for example, Refs. [12–16]). Tight constraints have been set by
both the ATLAS and CMS collaborations in many simplified and more realistic supersymmetric models.

This work aims to extend the analysis described in Ref. [17] and develop an event selection yielding optimal
sensitivity to stop pair production with 3 ab�1 of proton-proton collisions, expected to be collected by
ATLAS by the end of the HL-LHC run. R-parity is assumed to be conserved [18]. The only supersymmetric
particles assumed to have impact on the stop decay are the stop itself and the lightest supersymmetric
particle (LSP), assumed to be a neutralino. With these assumptions, the stop decay is t̃1 ! t

(⇤) �̃0
1 , where

the star indicates that the top quark can possibly be o� mass-shell, depending on the mass di�erence
between the stop and the neutralino masses, �m(t̃1, �̃

0
1 ). The final state considered is that where both top

quarks decay hadronically: it is hence characterised by the presence of many jets and b-jets, and by missing
transverse momentum pmiss

T (whose magnitude will be indicated by E
miss
T in the following) stemming from

the presence of the two �̃0
1 . The process is illustrated in Figure 1.

t̃
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Figure 1: Signal processes considered in this analysis. The top quark can be either on or o� mass-shell.

Two kinematic regimes are considered:

• If the di�erence between the stop and neutralino masses is large with respect to the top quark mass
�m(t̃1, �̃

0
1 ) � mtop, then the top quarks emitted in the stop decay are produced on shell, and they

have a boost in the laboratory frame proportional to �m(t̃1, �̃
0
1 ). The final state is hence characterised

by high pT jets and b-jets, and large E
miss
T . Typical analyses in this kinematic regimes have large

signal acceptance, and the sensitivity is limited by the signal cross section, that decreases steeply

2
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The HL-LHC Yellow Report studies

Three main approaches:

• Full simulation

• Analysis with parameterized detector performance (e.g. DELPHES with
up-to-date phase-2 detector performance)

• Projections using Run-2 signal and background samples scaled at 14 TeV

Harmonised treatment of detector and theory uncertainties evolution with time

• Agreement between experimental collaborations and theorists involved in the 
Yellow Report

• General “rules of thumb”: 

• detector and theory/modelling uncertainties will be halved
• MC statistics are supposed to be infinite 

Some commonalities

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018
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Search for long lived gluinos

Gluinos can acquire discernible lifetimes 
due to heavy intermediate particles in 
the decay chain.

• Follow strategy of arXiv: 1710.04901

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

Probing high mass gluinos

• Exploit displaced decay vertices

• Sensitivity dependent on detector 
layout and tracking performance
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1 Introduction20

One of the most intriguing scenarios of new physics to look for at the Large Hadron Collider (LHC) is21

new particles with measurably long lifetimes. Whether in the Standard Model (SM) or in new physics22

models, particles can acquire discernible lifetimes from a variety of mechanisms, including weak e�ective23

couplings to the final state due to heavy intermediate particles, which can arise in models with mass24

hierarchies, or due to small coupling constants, which can arise from conserved or nearly-conserved25

symmetries. Long lifetimes can also manifest due to decays that are phase-space suppressed or from new26

particles which interact only weakly with the SM particles via mediators.27

If a new long-lived particle decays within the detector but at an observable distance from the proton-proton28

interaction point, and if its decay products include multiple charged particles reconstructed as tracks, it29

can produce a distinctive signature of an event containing at least one displaced vertex (DV). There are30

several recent papers at the LHC which have searched for displaced vertices, including Refs. [1–3].31

This note presents a projection of the expected sensitivity of the analysis published in Ref. [2] in the context32

of the planned upgrades to the LHC and the ATLAS detector, presenting in detail and extending a study33

shown in Ref. [4]. The study assumes that the High-Luminosity LHC (HL-LHC) will deliver 3000 fb�134

of collisions at
p

s = 14 TeV to the ATLAS experiment, and it explores the e�ect that the geometry of35

the new inner tracker (ITk) of the upgraded ATLAS detector will have in extending the acceptance for36

reconstructing DVs.37

The search presented here requires at least one displaced vertex reconstructed within the ITk, and events are38

required to have at least moderate missing transverse momentum (Emiss
T ), which serves as a discriminant39

against background as well as an object on which to trigger. The analysis sensitivity is projected for a40

benchmark supersymmetry model of pair production of long-lived gluinos, as shown in Figure 1. Each41

gluino hadronizes into an R-hadron and decays through a heavy virtual squark into a pair of SM quarks and42

a stable neutralino with a mass of 100 GeV. Results are presented for discovery and exclusion potential43

are explored for several di�erent gluino lifetimes and for varying masses of the gluino.44

Figure 1: The benchmark model considered in this projection is a supersymmetric scenario with a long-lived gluino,
which hadronizes after production into an R-hadron, and then decays through a virtual squark into a pair of SM
quarks and a neutralino.
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122 33299 39 2795145631066 405 1000 [mm]

Figure 2: The radial layouts of the current ATLAS tracker and the proposed upgrade, the ITk.

needs to cover a much wider tracking phase space than tracking for prompt particles. To e�ciently81

reconstruct signal tracks, a custom, extended configuration of the ATLAS tracking software is required.82

This custom configuration, hereafter referred to as displaced tracking, is optimized for the Run 2 detector83

and software [12]. Similarly, a custom algorithm is required for reconstruction of the displaced vertices.84

These customizations depend heavily on the geometry of the tracker, and neither a dedicated displaced85

tracking nor DV reconstruction setup has yet been developed for the Phase II detectors.86

Many ATLAS Phase II projection studies rely on simulated events which have been fully reconstructed87

by tracking software specially developed for finding prompt tracks in the Phase II detector. In other88

studies, generated Monte Carlo (MC) events are used to obtain particle-level kinematic properties, which89

are smeared by functions which estimate the future detector’s performance. In this analysis, a hybrid90

approach is developed to estimate the prospective acceptance and e�ciency for reconstructing and selecting91

displaced vertices. In this approach, particle-level Monte Carlo events are used to obtain kinematic92

distributions for the signal. The displaced tracking performance is estimated by factorizing the current93

displaced tracking performance into acceptance and e�ciency terms, and assuming that the e�ciency94

performance of the Run 2 algorithm will be reproduced for ITk for particles which pass the acceptance.95

The tracking acceptance is based on the number of hits left by a charged particle traversing the silicon96

sensors, and is calculated for the tracks of interest using a full simulation of the ITk geometry. The current97

DV performance is parameterized and extrapolated to the new detector geometry.98

Other selections are either directly applied at particle-level to the signal events, or use the results of99

the Run 2 reinterpretation material which are publicly available [13] to estimate the e�ciency. The100

background estimation is extrapolated from the Run 2 data-driven result, and systematic uncertainties are101

taken directly from the existing analysis.102

November 16, 2018 – 17:38 6
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Search for long lived gluinos

Standard and displaced tracking reconstruction require that each track have at 
least seven silicon-detector hits (strip detectors are double-sided).

• Track reconstruction efficiency assumed to be 1

• Silicon detector hit efficiency assumed to be 1

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018
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collaboration will continue to adapt the tracking and vertexing algorithms until the era of the HL-LHC to143

deal with the more di�cult conditions.144

To estimate Afid for the ITk layout, the particles from the R-hadron decay are propagated through a145

detailed simulation of the ITk Inclined Duals geometry using their generator-level radius of production146

and momentum vector. Only charged decay products with pT > 1 GeV are considered. Along each147

particle’s trajectory, the number of active silicon layers traversed, NSi, is recorded, as well as the integrated148

amount of active and passive material traversed from one hit to the other in terms of the nuclear interaction149

length, N�. Each sensor’s hit e�ciency is assumed to be 100%. The e�ects of multiple scattering are150

not included. The probability that each particle reaches the next silicon strip layer of the tracker volume151

without undergoing a hadronic interaction is estimated as e�N� . Afid is taken as the ratio of the number152

of particles with NSi � 7 that do not undergo a hadronic interaction divided by the total number of153

particles.154

In Figure 3, the total tracking e�ciency calculated using this method is shown, for the decay products155

of R-hadrons with a mass of 2.0 TeV which decay with a mean proper lifetime of 1 ns. The tracking156

e�ciency is shown as a function of the R-hadron decay position.2 As ✏alg is taken to be 100%, the total157

tracking e�ciency is simply Afid, and is shown with and without the e�ects of hadronic interactions due158

to material. The tracking e�ciency is shown for the ITk as well as the Run 2 ID geometry. The steep159

drop o� in e�ciency in the present ID at around 300 mm corresponds to the farthest radial extent of the160

first layer of the SCT, after which it is unlikely that a typical particle would traverse seven strip layers.161

In the ITk, the equivalent drop-o� does not occur until after 400 mm due to the larger spacing between162

the silicon layers. Similar tracking e�ciencies are observed within statistical uncertainty for the decay163

products of R-hadron with a range of of gluino masses, lifetimes, and neutralino masses.164
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Figure 3: The probability that a charged particle, with pT > 1 GeV produced in the decay of a 2.0 TeV R-hadron
with a lifetime of 1 ns, passes through at least seven silicon layers, as a function of the decay radius of the R-hadron,
for both the Run 2 and ITk detector layouts [4]. The probability is shown with and without the simulated e�ect of
material producing hadronic interactions.

2 The values of the R-hadron decay radius, rDV, and the radius of the decay products production,rprod, are identical at the MC
generator level for the R-hadron model used in this note, but rDV is preferentially used when focusing on the vertex properties,
while rprod is used when focusing on the outgoing particles.
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6 Projection of displaced vertexing performance165

The configuration of the algorithm for reconstructing displaced vertices has recently been optimized within166

ATLAS for finding signals such as decaying R-hadrons. The e�ciency of reconstructing a displaced vertex167

is measured in simulation as a function of the number of reconstructed tracks which belong to the vertex168

at generator-level, ntracks, and the radius of the vertex position in the transverse plane, rDV.169

For this study, it is assumed that similar performance of the vertexing algorithms can be achieved in170

Phase II. However, given the di�erent geometry of ITk relative to the current detector, the vertexing171

e�ciency measured for Run 2 can not be applied directly to this study. The Run 2 vertex e�ciency is172

parametrized and extrapolated as described below.173

The Run 2 vertex e�ciency is parameterized as a function of rDV for bins of ntracks. One of the main174

reasons that the reconstruction e�ciency depends on ntracks is due to the fact that the number of trials of175

vertex forming using seed tracks increases with ntracks. The e�ciency is fit with a function which smoothly176

combines an error function at low rDV to model the initial rise in e�ciency, a linear plateau, and an error177

function at high rDV to model the falling o� of e�ciency near the beginning of the SCT. The fit values are178

compared across all bins of ntracks, and some smoothing of values is performed for bins which su�er from179

poor statistics.180

To extrapolate from the Run 2 e�ciency to the expected performance at ITk, the same fit values are used181

for each bin of ntracks. However, the mean of the error function used to model the turn-o� is moved from182

300 mm to 400 mm to reflect the change in the location of the inner silicon strip layer.183

The vertex e�ciency parameterized in this way in shown in Figure 4 for the case where ntracks = 10. The184

e�ciency is shown as fit in the Run 2 measurement and as extrapolated to ITk. Also shown is the plateau185

of the e�ciency as a function of ntracks for the ITk extrapolation, assumed to be the same as that measured186

in Run 2.187

(a) (b)

Figure 4: (a) The parametrized e�ciency for reconstructing a displaced vertex with ntracks = 10, as a function of the
decay radius of the parent particle, as measured in Run 2 simulation and extrapolated to the ITk geometry. (b) The
plateau of the vertex e�ciency as a function of ntracks for the ITk geometry.
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Long lived gluinos expected sensitivity

Same selection of Run-2 (ETmiss > 250 GeV, mDV > 10 GeV, ntracks > 4)

Two hypotheses for backgrounds (scaling with luminosity or the same as Run-2)

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018
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Figure 6: The projected sensitivity for the upper limit on the mass of a gluino R-hadron that can be observed with
3� and 5� confidence or excluded at 95% CL, as a function of the gluino lifetime, for (a) a background of 1.8+1.8

�0.9
events and (b) a background of 0.02+0.02

�0.01 events. These results are valid for a gluino which decays to SM quarks and
a stable neutralino with a mass of 100 GeV. Results assume 3000 fb�1 of collisions at

p
s = 14 TeV collected with

the upgraded ATLAS detector, and are compared to the observed ATLAS exclusion limits for a dataset of 33 fb�1

at
p

s = 13 TeV.
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Figure 2: The E
miss
T distributions for the two bins with the highest sensitivity to signals with large values of �m(t̃1, �̃

0
1 ).

The last bin includes overflow events.

transverse momentum acquired by the decay products will be proportional to their mass. If p
ISR
T is the

transverse momentum of everything that recoils against the stop pair, it can be shown that [47]

RISR =
E

miss
T

p
ISR
T

⇠
m

⇣
�̃0

1
⌘

m
�
t̃1
� (1)

Following this considerations, a recursive jigsaw [48] reconstruction is performed, which makes assumptions
that allow the definition of a set of variables in di�erent reference frames. In this specific case, it first
defines the centre-of-mass of the primary proton-proton collision, or CM frame. In the CM frame, the
sparticles frame S and the ISR system (ISR) are back-to-back to each other. One can then define the Visible
(V) and Invisible (I) reference frames, composed respectively by the visible particles produced in the stop
pair decay and the invisible particles produced in the stop pair decay. New variables are defined to exploit
the relation suggested by Equation 1.

The following variables are used specifically for the diagonal analysis.

• pISR
T The total momentum of the ISR system in the CM frame.

• RISR This is defined as the ratio of the projection of total momentum of the invisible system in the
CM frame on the total momentum of the ISR frame in the CM frame, to the the total momentum of
the ISR frame in the CM frame. That is

RISR =
| ÆpCM

I · p̂
CM
ISR |

| ÆpCM
ISR |

(2)

• NS
b�jet The number of b-jets assigned to the frame V.

• NS
jet The number of jets assigned to the frame V.

• p4,S
T The transverse momentum of the 4th jet associated with the V frame.

7

Search for top squarks

Fully hadronic final state 

• Exploits large-R jets (anti-kt1.2 and anti-kt0.8) masses to tag potential boosted 
top quarks and W-bosons in the final state.

• Multi-bin selection on ETmiss, m(anti-kt1.2) and nb-jet

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

High-mass region

1 Introduction

The aim of this note is to assess the ATLAS sensitivity to top squark (stop in the following) pair production
using the dataset expected to be collected by the upgraded detector during the Large Hadron Collider (LHC)
high luminosity data-taking (HL-LHC in the following). The stops are the scalar supersymmetric [1–6]
partners of the top quark fermionic degrees of freedom: for each of the two top chirality eigenstates tL, tR
the existence of partner scalar states t̃L, t̃R is postulated. The two scalar states mix to form mass eigenstates
t̃1, t̃2, where, by convention, t̃1 is the lightest. Because of the large top quark Yukawa coupling, large
stop masses tend to introduce large fine tuning [7, 8] in many supersymmetric models (and notably in the
MSSM [9, 10]). Naturalness requirements normally set upper bounds for stop masses in the TeV range
(although recent re-analyses of the fine tuning concept led to relax these requirements significantly [11]).
These bounds may imply that the stops are within energetic reach of the LHC. This has triggered a lot of
interest by the LHC collaborations (see, for example, Refs. [12–16]). Tight constraints have been set by
both the ATLAS and CMS collaborations in many simplified and more realistic supersymmetric models.

This work aims to extend the analysis described in Ref. [17] and develop an event selection yielding optimal
sensitivity to stop pair production with 3 ab�1 of proton-proton collisions, expected to be collected by
ATLAS by the end of the HL-LHC run. R-parity is assumed to be conserved [18]. The only supersymmetric
particles assumed to have impact on the stop decay are the stop itself and the lightest supersymmetric
particle (LSP), assumed to be a neutralino. With these assumptions, the stop decay is t̃1 ! t

(⇤) �̃0
1 , where

the star indicates that the top quark can possibly be o� mass-shell, depending on the mass di�erence
between the stop and the neutralino masses, �m(t̃1, �̃

0
1 ). The final state considered is that where both top

quarks decay hadronically: it is hence characterised by the presence of many jets and b-jets, and by missing
transverse momentum pmiss

T (whose magnitude will be indicated by E
miss
T in the following) stemming from

the presence of the two �̃0
1 . The process is illustrated in Figure 1.

t̃

t̃

t
W

t
W

p

p

�̃0
1

b q

q

�̃0
1

b

q

q

Figure 1: Signal processes considered in this analysis. The top quark can be either on or o� mass-shell.

Two kinematic regimes are considered:

• If the di�erence between the stop and neutralino masses is large with respect to the top quark mass
�m(t̃1, �̃

0
1 ) � mtop, then the top quarks emitted in the stop decay are produced on shell, and they

have a boost in the laboratory frame proportional to �m(t̃1, �̃
0
1 ). The final state is hence characterised

by high pT jets and b-jets, and large E
miss
T . Typical analyses in this kinematic regimes have large

signal acceptance, and the sensitivity is limited by the signal cross section, that decreases steeply

2

JHEP 12 (2017) 085
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Search for top squarks

Fully hadronic final state 

• Exploits the Recursive Jigsaw technique

• ISR to boost stop-system

• Multi-bin selection on RISR and ETmiss

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

Compressed models

0 200 400 600 800 1000 1200 1400
 [GeV]Sm

1
10

210

310

410

510

610

710

810

910

1010

Ev
en

ts
 / 

60
 G

eV

top

ttV

W

Z

singletop

 = 750,560 GeV0
1
χ∼,mt~m

ATLAS Simulation
Preliminary

-1 = 14 TeV; 3 abs

(a)

1.6 1.8 2 2.2 2.4 2.6 2.8 3 3.2
)miss

T
(ISR,pφΔ

1
10

210

310
410

510

610
710

810

910

1010

1110
1210

Ev
en

ts
 / 

0.
1

top

ttV

W

Z

singletop

 = 750,560 GeV0
1
χ∼,mt~m

ATLAS Simulation
Preliminary

-1 = 14 TeV; 3 abs

(b)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
ISRR

1
10

210

310

410

510

610

710

810

910

1010

1110

Ev
en

ts
 / 

0.
05

top

ttV

W

Z

singletop

 = 750,560 GeV0
1
χ∼,mt~m

ATLAS Simulation
Preliminary

-1 = 14 TeV; 3 abs

(c)

400 600 800 1000 1200 1400 1600
 [GeV]miss

TE

1

10

210

310

410

510

610

710

Ev
en

ts
 / 

80
 G

eV

top

ttV

W

Z

singletop

 = 750,560 GeV0
1
χ∼,mt~m

ATLAS Simulation
Preliminary

-1 = 14 TeV; 3 abs

(d)

Figure 3: Distributions of the main variables of the diagonal selection, after all cuts up to that on p
4,S
T have been

applied. The signal and backgrounds are normalised to 3 ab�1. The last bin includes overflow events.

Similarly to the large �m analysis, the background estimation used for the assessment of the analysis
sensitivity stems from a parameterisation of the actual background MC. The background is parametrised
in E

miss
T in each bin of RISR and independently for each background process. The parametrisation is

established for E
miss
T > 500 GeV, and it is done with a simple exponential function.

6 Systematic Uncertainties

Realistic and pessimistic uncertainty scenarios have been determined starting from the systematic
uncertainties studied in Ref. [17], and extrapolating them to 3 ab�1 following a common approach agreed
upon by the ATLAS and CMS collaborations. Hence, the theory modelling uncertainties are expected
to be reduced by a factor 2, while di�erent recommendations have been provided for detector-level and
experimental uncertainties.

With reference to Ref. [17]:
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Figure 3: Distributions of the main variables of the diagonal selection, after all cuts up to that on p
4,S
T have been

applied. The signal and backgrounds are normalised to 3 ab�1. The last bin includes overflow events.

Similarly to the large �m analysis, the background estimation used for the assessment of the analysis
sensitivity stems from a parameterisation of the actual background MC. The background is parametrised
in E

miss
T in each bin of RISR and independently for each background process. The parametrisation is

established for E
miss
T > 500 GeV, and it is done with a simple exponential function.

6 Systematic Uncertainties

Realistic and pessimistic uncertainty scenarios have been determined starting from the systematic
uncertainties studied in Ref. [17], and extrapolating them to 3 ab�1 following a common approach agreed
upon by the ATLAS and CMS collaborations. Hence, the theory modelling uncertainties are expected
to be reduced by a factor 2, while di�erent recommendations have been provided for detector-level and
experimental uncertainties.

With reference to Ref. [17]:
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Figure 2: The E
miss
T distributions for the two bins with the highest sensitivity to signals with large values of �m(t̃1, �̃

0
1 ).

The last bin includes overflow events.

transverse momentum acquired by the decay products will be proportional to their mass. If p
ISR
T is the

transverse momentum of everything that recoils against the stop pair, it can be shown that [47]

RISR =
E

miss
T

p
ISR
T

⇠
m

⇣
�̃0

1
⌘

m
�
t̃1
� (1)

Following this considerations, a recursive jigsaw [48] reconstruction is performed, which makes assumptions
that allow the definition of a set of variables in di�erent reference frames. In this specific case, it first
defines the centre-of-mass of the primary proton-proton collision, or CM frame. In the CM frame, the
sparticles frame S and the ISR system (ISR) are back-to-back to each other. One can then define the Visible
(V) and Invisible (I) reference frames, composed respectively by the visible particles produced in the stop
pair decay and the invisible particles produced in the stop pair decay. New variables are defined to exploit
the relation suggested by Equation 1.

The following variables are used specifically for the diagonal analysis.

• pISR
T The total momentum of the ISR system in the CM frame.

• RISR This is defined as the ratio of the projection of total momentum of the invisible system in the
CM frame on the total momentum of the ISR frame in the CM frame, to the the total momentum of
the ISR frame in the CM frame. That is

RISR =
| ÆpCM

I · p̂
CM
ISR |

| ÆpCM
ISR |

(2)

• NS
b�jet The number of b-jets assigned to the frame V.

• NS
jet The number of jets assigned to the frame V.

• p4,S
T The transverse momentum of the 4th jet associated with the V frame.

7
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analyses (large �m and diagonal), the likelihood is built as the product of poissonian terms, one for
each of the considered bins. Systematic uncertainties are accounted for by introducing one independent
nuisance parameter for each of the bins considered. The likelihood is modified introducing gaussian terms
representing the assumed uncertainty. 95% CL exclusion contours on the masses of the supersymmetric
particles are extracted using the CLs method [49]. For each mass of the stop and the neutralino, the analysis
yielding the smallest CLs among the large �m and the diagonal is used.

The discovery sensitivity is obtained similarly from each of the single cut-and-count regions independently.
For each signal point, the profile likelihood ratio fit is performed on pseudo-data corresponding to the sum
of the expected background and the signal. The discovery contour corresponds to points expected to give a
5� p-value against the background-only hypothesis. For each signal point, the discovery signal region
yielding the smallest p-value is considered.

The final sensitivity of the analysis is summarised in Figure 5 assuming a 15% uncertainty for the 5�
discovery and 95% CL exclusion contour, and also assuming 30% uncertainty for the 95% CL exclusion
contour.
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Figure 5: Final 95% CL exclusion reach and 5� discovery contour corresponding to 3 ab�1of proton-proton collisions
collected by ATLAS at the HL-LHC.

8 Conclusions

The ATLAS sensitivity to stop pair production with 3 ab�1 of proton-proton collisions and running
conditions corresponding to those of the HL-LHC is estimated with an analysis that follows closely that
published in Ref. [17]. The process of interest is t̃1 ! t

(⇤) �̃0
1 . Event containing no leptons are retained, and

11

Top squarks expected sensitivity
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Search for Higgsinos

Di-lepton final state 

• ISR to boost C1N2-system

• Challenging lepton identification

• Multi-bin selection on dilepton invariant mass (mll)

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

Very compressed electroweak-inos

lep
T/Hmiss

TE

0 10 20 30 40 50 60

Ev
en

ts
 / 

5 
G

eV

1-10

1

10

210

310

410

510 Total Background
tt
Z+jets
W+jets
Diboson

) = (254, 250) GeV0
1
c~, 0

2
c~m(

) = (260, 250) GeV0
1
c~, 0

2
c~m(

) = (300, 250) GeV0
1
c~, 0

2
c~m(

 Simulation PreliminaryATLAS
=200µ, -1=14 TeV, L = 3000 fbs

N
ot

re
vi

ew
ed

,f
or

in
te

rn
al

ci
rc

ul
at

io
n

on
ly

ATLAS DRAFT

�̃±
1p

p

�̃0
1

�̃0
1

⇡±

j

Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

surpassing the LEP limits have recently been set by the ATLAS experiment [16], excluding mass splittings59

down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also considered.60

2 ATLAS Detector61

The proposal for the upgraded ATLAS detector [17] which will operate at the HL-LHC includes a new all-62

silicon inner tracking detector, the Inner Tracker (ITk) [18, 19], composed of five layers of pixel detectors63

and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of64

charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial65

magnetic field, enabling the momentum measurement of the charged particles travelling through the inner66

tracker. The electromagnetic and hadronic calorimeters [20, 21] are located outside of the solenoid and67

provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon68

spectrometer [22], consisting of a set of superconducting torodial magnets and three layers of gaseous69

chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast70

detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.71

The on-line trigger system will also be replaced by a new system, which will be capable of processing72

the rate increase anticipated at the HL-LHC. Both searches plan to use an E
miss
T requirement to accepting73

events in the trigger, and the E
miss
T selection used in the searches are expected to be in the E

miss
T trigger74

plateau [23].75

November 1, 2018 – 11:18 5

DONE at DESY!
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Search for Higgsinos

In very compressed spectra, charginos can 
acquire sizeable lifetime 

• Exploit the disappearing track signature

• Challenging tracking environment!

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018
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Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

surpassing the LEP limits have recently been set by the ATLAS experiment [16], excluding mass splittings59

down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also considered.60

2 ATLAS Detector61

The proposal for the upgraded ATLAS detector [17] which will operate at the HL-LHC includes a new all-62

silicon inner tracking detector, the Inner Tracker (ITk) [18, 19], composed of five layers of pixel detectors63

and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of64

charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial65

magnetic field, enabling the momentum measurement of the charged particles travelling through the inner66

tracker. The electromagnetic and hadronic calorimeters [20, 21] are located outside of the solenoid and67

provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon68

spectrometer [22], consisting of a set of superconducting torodial magnets and three layers of gaseous69

chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast70

detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.71

The on-line trigger system will also be replaced by a new system, which will be capable of processing72

the rate increase anticipated at the HL-LHC. Both searches plan to use an E
miss
T requirement to accepting73

events in the trigger, and the E
miss
T selection used in the searches are expected to be in the E

miss
T trigger74

plateau [23].75
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Figure 1: Diagrams depicting (left) �̃±1 �̃
0
1 production and (right) �̃±1 �̃

0
2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
0
1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).

surpassing the LEP limits have recently been set by the ATLAS experiment [16], excluding mass splittings59

down to 2.5 GeV for m( �̃0
1 ) = 100 GeV. Scenarios with direct �̃±1 pair production are also considered.60

2 ATLAS Detector61

The proposal for the upgraded ATLAS detector [17] which will operate at the HL-LHC includes a new all-62

silicon inner tracking detector, the Inner Tracker (ITk) [18, 19], composed of five layers of pixel detectors63

and four layers of double-sided silicon strip sensors, allowing for the reconstruction of the trajectory of64

charged particles within a pseudorapidity range |⌘ | < 4. The inner tracker is immersed in a 2 T axial65

magnetic field, enabling the momentum measurement of the charged particles travelling through the inner66

tracker. The electromagnetic and hadronic calorimeters [20, 21] are located outside of the solenoid and67

provide high granularity energy measurements within |⌘ | < 4.9. Beyond the calorimeters lies the muon68

spectrometer [22], consisting of a set of superconducting torodial magnets and three layers of gaseous69

chambers, allowing for the trajectories of muons to be measured up to |⌘ | < 2.7. In addition to this fast70

detectors are also installed in the muon spectrometer for triggering purposes, with a range up to |⌘ | < 2.4.71

The on-line trigger system will also be replaced by a new system, which will be capable of processing72

the rate increase anticipated at the HL-LHC. Both searches plan to use an E
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T requirement to accepting73

events in the trigger, and the E
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T selection used in the searches are expected to be in the E
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2 production.

Figure 2: Schematic illustration of a pp ! �̃±1 �̃
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1 + jet event in the HL-LHC ATLAS detector, with a long-lived

chargino. Particles produced in pile-up pp interactions are not shown. The �̃+1 decays into a low-momentum pion
and a �̃0

1 after leaving hits in the five pixel layers (indicated by red makers).
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}  Sleptons projections not yet available everywhere. Potential at ILC and 
CLIC (not for higgsinos).  

}  using mono-jet signatures 
}  A signature relevant for many  

NP models (DM-oriented) 

à 1 TeC boundary reached only by FCC-hh 

case, but all channels are still through an s-channel W± or Z.
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chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.
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Figure 1: Production of a charged state
with proper lifetime ⌧ . 1 ns and decay
products that are invisible at colliders will
lead to a charged track that ends (‘disap-
pears’) within the extent of a tracker sub-
system.

splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp

✓
�

d

��c⌧

◆
. (2.1)

We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-

1
For recent work on long-lived electrically charged particles at the LHC, see [7, 8].
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Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp
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We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-
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Figure 5: Results of conventional analysis: (a) E↵ective charged particle production cross
section (definition in text) required in order to obtain 10 disappearing charged track events
in conventional analysis at r = 10 cm, and (b) number of disappearing charged tracks
and sensitivity, normalized to the NLO pair-production cross section of a weak-doublet
fermion with Dirac mass m� and nominal decay length c⌧ . The plots are for a pp collider
at

p
s = 100 TeV with 3000 fb�1 of integrated luminosity. The c⌧ corresponding to a pure

Higgsino state is shown as a dotted line. Superimposed onto the right panel (grey shaded
region) is the FCC-hh sensitivity in this channel for a 50% background systematic, with
the estimated uncertainties in the 5� (2�) contours shaded in blue (green).

a 100 TeV pp collider with 3000 fb�1 of integrated luminosity. In both cases the c⌧ for a
pure Higgsino state is shown as a dotted line.

Converting a number of tracks to a discovery/exclusion significance requires some
knowledge of the size of SM backgrounds to this process. There are no real backgrounds
satisfying the analysis criteria. Fake backgrounds consist of interacting hadron tracks,
leptons failing identification criteria at low track pT , and tracks with mismeasured pT due
to “a high density of silicon hits, hadronic interactions and scattering”[25] at large track
pT . These fakes are not well-described by Monte Carlo simulations at the LHC at 8 TeV
centre-of-mass. Instead, their pT spectra are fit to data in a ‘control’ region and subtracted,
rendering their extrapolation to 100 TeV rather di�cult. In addition their composition and
spectra are characteristic of the particular detector in which they are measured (ATLAS in
this instance), and a naive extrapolation to a hypothetical detector for a 100 TeV hadron
machine, with unknown properties, would be crude at best. Nevertheless we will make some
attempt to do this. First, we assume that the fake backgrounds at FCC-hh have a similar
composition and are again dominated at high track pT by the mismeasured hadronic tracks
satisfying the ATLAS 8 TeV disappearing track selection. We assume the hadronic fakes
satisfying our modified selection criteria retain the same scaling with track pT as the original
(p�a

T,track with a = 1.78 ± 0.5), with a floating overall normalization that parametrizes our
uncertainty. This normalization constant can be estimated using the scaling of some chosen
process with centre-of-mass energy. Previous works [5, 6] used Standard Model (Z ! ⌫⌫)
plus jets, the rate for this process scales with the product of the quark and gluon PDFs.
In order to be maximally conservative, we will also show the outcome using the scaling
of SM multijets, with large fake MET. This is glue-glue-initiated, and hence grows faster
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case, but all channels are still through an s-channel W± or Z.
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chargino mass splitting twice the standard value. Only events passing the analysis cuts in

App. A and containing at least one chargino track with pT > 500 GeV are considered.

Fig. 4 shows the mass reach in the monojet channel for the pure higgsino scenario. As in

the wino case, there is a factor 4-5 enhancement in reach for the 100 TeV collider relative to

the LHC. The reach is weaker than that for winos, mainly due to the reduction in production

cross-section.
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Figure 1: Production of a charged state
with proper lifetime ⌧ . 1 ns and decay
products that are invisible at colliders will
lead to a charged track that ends (‘disap-
pears’) within the extent of a tracker sub-
system.

splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp

✓
�

d

��c⌧

◆
. (2.1)

We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-

1
For recent work on long-lived electrically charged particles at the LHC, see [7, 8].
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splittings that are twice as large, the decay width being strongly dependent on the splitting.
Pure Higgsino dark matter is also particularly di�cult to access directly by other means,
since its tiny indirect and direct detection cross sections are beyond even the projected
sensitivity of any dark matter experiment currently under consideration.

In this work, we explore the dependence of the reach for such intermediate-lifetime
charged particles, on the tracker properties at a hadron colliders, using the disappearing
track signature.1 Unlike many existing searches for compressed electroweak-charged states
[9–23], we operate under the assumption that no information can be obtained from their
decay products, making us less sensitive to the origin and properties of the parent. We
then express our results in the parameter space of thermal Higgsino dark matter, and show
that full coverage of the elusive pure Higgsino region (m� . 1.1 TeV) can be achieved
with a total integrated luminosity of 3000 fb�1. While our main focus is a 100 TeV proton-
proton collider (FCC-hh), we also examine similar upgrades to ATLAS and CMS that could
improve the LHC reach for compressed Higgsinos at its high-luminosity run (LHC14-HL).
In a companion paper [24] we study the reach in the di-lepton plus missing transverse
energy channel, which doesn’t assume the presence of an electrically-charged state, but
relies instead on additional weak radiation from the initial state, in the form of a leptonic
Z-boson.

2 Simplified model

Our disappearing track search will be relevant to any scenario containing a charged particle
with proper lifetime ⌧ below 10 picoseconds, and whose decay products are invisible, either
due to small energies or small couplings to the SM, see Fig 1. Such states are too short-lived
to be covered by conventional disappearing track searches at current [25, 26] or future [5]
colliders. We attribute to the charged state a ‘nominal decay length’ c⌧ , which translates
into an average lab-frame decay length of ��c⌧ for a particle with velocity � = v/c and
Lorentz boost �. Converting this to an actual charged track length requires us to take into
account the Poissonian nature of the decay process, and weight the decay length by the
probability that the chargino will travel a distance d without decaying, given by

P(d) = exp
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We carry out our simulation and analysis within a specific framework containing such a
particle, where the usual Standard Model field content is supplemented with a new vector-
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Figure 5: Results of conventional analysis: (a) E↵ective charged particle production cross
section (definition in text) required in order to obtain 10 disappearing charged track events
in conventional analysis at r = 10 cm, and (b) number of disappearing charged tracks
and sensitivity, normalized to the NLO pair-production cross section of a weak-doublet
fermion with Dirac mass m� and nominal decay length c⌧ . The plots are for a pp collider
at

p
s = 100 TeV with 3000 fb�1 of integrated luminosity. The c⌧ corresponding to a pure

Higgsino state is shown as a dotted line. Superimposed onto the right panel (grey shaded
region) is the FCC-hh sensitivity in this channel for a 50% background systematic, with
the estimated uncertainties in the 5� (2�) contours shaded in blue (green).

a 100 TeV pp collider with 3000 fb�1 of integrated luminosity. In both cases the c⌧ for a
pure Higgsino state is shown as a dotted line.

Converting a number of tracks to a discovery/exclusion significance requires some
knowledge of the size of SM backgrounds to this process. There are no real backgrounds
satisfying the analysis criteria. Fake backgrounds consist of interacting hadron tracks,
leptons failing identification criteria at low track pT , and tracks with mismeasured pT due
to “a high density of silicon hits, hadronic interactions and scattering”[25] at large track
pT . These fakes are not well-described by Monte Carlo simulations at the LHC at 8 TeV
centre-of-mass. Instead, their pT spectra are fit to data in a ‘control’ region and subtracted,
rendering their extrapolation to 100 TeV rather di�cult. In addition their composition and
spectra are characteristic of the particular detector in which they are measured (ATLAS in
this instance), and a naive extrapolation to a hypothetical detector for a 100 TeV hadron
machine, with unknown properties, would be crude at best. Nevertheless we will make some
attempt to do this. First, we assume that the fake backgrounds at FCC-hh have a similar
composition and are again dominated at high track pT by the mismeasured hadronic tracks
satisfying the ATLAS 8 TeV disappearing track selection. We assume the hadronic fakes
satisfying our modified selection criteria retain the same scaling with track pT as the original
(p�a

T,track with a = 1.78 ± 0.5), with a floating overall normalization that parametrizes our
uncertainty. This normalization constant can be estimated using the scaling of some chosen
process with centre-of-mass energy. Previous works [5, 6] used Standard Model (Z ! ⌫⌫)
plus jets, the rate for this process scales with the product of the quark and gluon PDFs.
In order to be maximally conservative, we will also show the outcome using the scaling
of SM multijets, with large fake MET. This is glue-glue-initiated, and hence grows faster
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Summary

The reach of simplified natural SUSY searches at the HL-LHC has been explored.

• A comprehensive programme spanning from strong to electroweakly produced 
sparticles

• Worth to look into unconventional corners (e.g. long-lived SUSY)

Overall large effort to prepare updated prospects for the update of the European 
Strategy for Particle Physics.

• Many additional interesting prospects to be released in just a few days!

Stay tuned!

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018
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Top squark SR definitions
High mass

Table 1: Selection applied for the large �m analysis.

Preselection
Nlep = 0
Njet � 4

��
⇣
E

miss
T , jet1

⌘
> 0.4, ��

⇣
E

miss
T , jet2

⌘
> 0.4

Nb�jet � 1
E

miss
T > 400 GeV

p
jet1
T > 80 GeV, pjet2

T > 80 GeV
p

jet3
T > 40 GeV, pjet4

T > 40 GeV
m

anti-k1.2
t

1 > 120 GeV
m

min
Tb > 250 GeV

m
anti-k0.8

t

1 > 60 GeV,manti-k0.8
t

2 > 60 GeV
Signal region selection

Number of b-tagged jets Other selections

Nb�jet = 1 m
anti-k1.2

t

2 2 [0, 60), [60, 120), [120,1)
E

miss
T 2 [400, 600), [600, 900), [900, 1200), [1200, 1600), [1600,1)

Nb�jet > 1
m

anti-k1.2
t

2 2 [0, 60), [60, 120), [120,1)
E

miss
T 2 [400, 600), [600, 900), [900, 1200), [1200, 1600), [1600,1)

m
�2

T > 400, �Rbb � 1

from the stop decay, thus the m
�2

T and �Rbb are well defined. Additional selections on these variables are
therefore applied. The full set of signal region selections is also presented in Table 1.

The E
miss
T distributions for Nb�jet � 2 and for the two tightest bins in m

anti-k1.2
t

2 , that is, for the two bins that
are most sensitive for large �m(t̃1, �̃

0
1 ) values, are shown in Figure 2.

For the evaluation of the discovery sensitivity, a set of single bin cut-and-count signal regions is defined,
which apply the full preselection, and then require Nb�jet � 2, m

anti-k1.2
t

2 > 120 GeV. Four di�erent thresholds
in E

miss
T are then defined to achieve optimal sensitivity for a 5� discovery: E

miss
T > 400, 600, 800, 1000 GeV.

For each model considered, the signal region giving the lowest p-value against the background-only
hypothesis in presence of the signal is used.

To avoid depending too much on the limited size of the background samples generated for this study, the
background E

miss
T distribution is parametrised independently for each Nb�jet, m

anti-k1.2
t

2 bin and for each
process with a simple exponential function. The function parameters are determined by fitting it to the MC
predicted distribution in the range E

miss
T > 400 GeV.

5.2 Diagonal Selection

The selection for the region of the signal parameter space where �m(t̃1, �̃
0
1 ) ⇠ mtop also follows closely

that developed in Ref. [17]. The basic idea of the diagonal analysis arise from the fact that, given the mass
relation between the stop and the neutralino, the stop decay products (the top quark and the neutralino)
are produced nearly at rest in the stop reference frame. When looked at from the lab reference frame, the

6
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Top squark SR definitions
Compressed

• ��(ISR, pmiss
T ) The distance in azimuthal angle between the ISR and I total momentum vectors in

the CM frame.

• mS The mass of the S frame.

• p0,S
T,b The transverse momentum of the leading b-jet associated to the V frame.

The preselection applied for the diagonal analysis is summarised in Table 2.

Figure 3 shows the distribution of some of the key variables after the selection on p
4,S
T . The main features

which were observed in Ref. [17] are still present: the mS variable peaks at roughly twice the top mass
for the signal, the position of the peak of the RISR variable increases with the ratio m

⇣
�̃0

1
⌘
/m

�
t̃1
�
, there

is a strong peak at ⇡ for the signal for ��(ISR, pmiss
T ). Already at this stage of the selection, the main

background process is tt̄.

Table 2: Selection applied for the diagonal analysis.

Preselection
Nlep = 0
Njet � 4

��
⇣
E

miss
T , jet1

⌘
> 0.4, ��

⇣
E

miss
T , jet2

⌘
> 0.4

Nb�jet � 1
E

miss
T > 400 GeV

p
jet1
T > 80 GeV, pjet2

T > 80 GeV
p

jet3
T > 40 GeV, pjet4

T > 40 GeV
N

S
b�jet � 1
N

S
jet � 5

p
0,S
T,b > 40 GeV

mS > 300 GeV
��(ISR, pmiss

T ) > 3
p

ISR
T > 400 GeV
p

4,S
T > 50 GeV

Signal region selection
RISR selection E

miss
T selection

0.5 < RISR < 0.65 E
miss
T 2 [500, 700), [700, 1000), [1000, 1400), [1400,1)

RISR > 0.65 E
miss
T 2 [500, 700), [700, 1000), [1000, 1400), [1400,1)

A possible strategy is suggested by figure 3(d): the E
miss
T distribution shifts progressively higher values of

m
�
t̃1
�
. Hence a boost in sensitivity could be obtained by binning the signal regions in this variable. The

final strategy for the assessment of exclusion sensitivity for the diagonal analysis is thus to use a set of
mutually exclusive signal region defined in bins of RISR and E

miss
T . The final binning is shown in Table 2.

Lower values of RISR are not considered given that the current analysis focuses mostly on the prospects for
high m (t̃). For the evaluation of the discovery sensitivity, four cut-and-count signal regions are defined,
which apply the full preselection, and then require RISR > 0.7 and E

miss
T > 500, 700, 900, 1100 GeV. For

each model considered, the signal region giving the lowest p-value against the SM hypothesis in presence
of signal is used.

8
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Search for Higgsinos
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Search for Higgsinos
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Disappearing tracks SR

ATLAS DRAFT

discovery potential of the analysis would allow for the discovery of wino-like (higgsino-like) charginos of244

mass 100 GeV with lifetimes between 20 ps and 700 ns (30 ps and 250 ns), or for a lifetime of 1 ns would245

allow the discovery of wino-like (higgsino-like) charginos of mass up to 800 GeV (600 GeV). Comparing246

the results to the theoretical prediction from Ref.[30], would allow for the exclusion at 95% CL of the247

theory with masses up to 850 GeV for the pure wino scenario and 250 GeV for the pure higgsino scenario.248

The discovery potential would be up to 450 GeV for the pure wino scenario and 150 GeV for the pure249

higgsino scenario.250
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Figure 5: Expected exclusion limits at 95% CL from the disappearing track search using of 3000 fb�1of 14 TeV
proton-proton collision data as a function of the �̃±1 mass and lifetime. Simplified models including both �̃±1
pair production and associated production of a �̃±1 with a �̃0

1 are considered assuming pure-wino production cross
sections (left) and pure-higgsino production cross sections (right). The yellow band shows the 1� region of the
distribution of the expected limits. The median of the expected limits is shown by a dashed line. The red line presents
the current limits from the Run 2 analysis and the hashed region is used to show the direction of the exclusion. The
expected limits with the upgraded ATLAS detector would extend these limits significantly. The chargino lifetime
as a function of the chargino mass is shown in the almost pure wino LSP scenario (light grey) calculated at one
loop level. The relationship between the masses of the chargino and the two lightest neutralinos in this scenario is
m( �̃±1 ) = 1

2 (m( �̃0
1) + m( �̃0

2)). The theory curve is a prediction from a pure higgsino scenario taken from Ref.[30].

The background yields for the dilepton SRs (split into the respective m`` intervals) are presented in Table251

4. The main background in each SR is dependent upon the m`` interval under consideration, with tt̄ the252

main background for the lowest m`` interval, the intermediate m`` selections dominated by Z+jets events,253

and the larger m`` intervals dominated by diboson production. The tt̄ and diboson yields include the254

component from misidentified leptons. For the lowest m`` bin the component of tt̄ from misidentified255

leptons is 40%, while it is 15% in the highest m`` bin.256

Figure 6 shows the 95% CL expected exclusion limits in the m( �̃0
2), �m( �̃0

2, �̃
0
1) plane. With 3000 fb�1,257

�̃0
2 masses up to 350 GeV could be excluded, as well as �m( �̃0

2, �̃
0
1) between 2 and 20 GeV for m( �̃0

2) =258

150 GeV. In the figure the blue curve presents the 5� discovery potential of the search. To calculate the259

discovery potential a single-bin discovery test is performed by removing integrating over all of the m``260

bins from 1 to the chosen m`` upper limit for a given SR selection (aside from 3 < m`` < 3.2 GeV).261

Figure 7 presents the 95% expected exclusion limits in the �̃0
1,�m( �̃±1 , �̃

0
1) mass plane, from both the262

disappearing track and dilepton searches. The yellow contour shows the expected exclusion limit from the263

disappearing track search, with the possibility to exclude m( �̃±1 ) up to 600 GeV for�m( �̃±1 , �̃
0
1) < 0.2 GeV,264

November 14, 2018 – 23:50 12
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Table 11: Expected numbers of events for SM background and three bottom squark pair signal points, for
di↵erent mCT thresholds and an integrated luminosity of 300fb�1. The uncertainties shown are statistical
only.

SRA300 SRA350 SRA450 SRA550 SRA650 SRA750
(m

b̃1
,m�̃0

1
) = (1000, 1) 216 ± 4 200 ± 4 161 ± 4 118.5 ± 3.2 78.6 ± 2.6 44.0 ± 1.9

(m
b̃1
,m�̃0

1
) = (1400, 1) 19.3 ± 0.9 18.4 ± 0.9 16.8 ± 0.8 14.9 ± 0.8 12.8 ± 0.7 10.2 ± 0.6

(m
b̃1
,m�̃0

1
) = (1600, 1) 6.04 ± 0.28 5.84 ± 0.28 5.55 ± 0.27 5.19 ± 0.26 4.57 ± 0.25 3.78 ± 0.22
tt̄ 32.6 ± 3.0 14.8 ± 2.0 4.3 ± 1.1 1.5 ± 0.7 0.6 ± 0.4 0.29 ± 0.29

single top 146 ± 12 83 ± 8 41 ± 6 25 ± 5 12.7 ± 3.2 8.9 ± 2.5
Z+jets 508 ± 8 249 ± 5 70.5 ± 2.7 23.1 ± 1.5 9.1 ± 1.0 4.1 ± 0.7
W+jets 92 ± 5 44 ± 4 9.3 ± 1.7 2.9 ± 0.9 1.6 ± 0.8 0.9 ± 0.6
Other 5.4 ± 0.5 3.3 ± 0.4 1.59 ± 0.28 0.50 ± 0.16 0.18 ± 0.09 0.15 ± 0.08
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Figure 13: Expected 95% exclusion limits and discovery reach for bottom squark pair production with
300fb�1 and 3000fb�1 of integrated luminosity.

5.2 Expected sensitivity to bottom squark pair production

Signal regions described in the previous sections are considered with mCT thresholds of 300, 350, 450,
550, 650 and 750 GeV. Higher thresholds are not considered since the MC statistical uncertainties be-
come dominant in the tail of the mCT distribution beyond 750 GeV. The systematic uncertainties for the
signal regions used in the 8 TeV analysis are assumed to be unchanged. The systematic uncertainty for
the signal regions with higher mCT thresholds (> 400 GeV) are assumed to be 30%. The number of ex-
pected events for the 300 fb�1 luminosity scenario is shown in Table 11. The dominant backgrounds are
Z+jets and single top production, with subleading contributions from W+jets and tt̄V .

Exclusion limits are set in the m
b̃1
� m�̃0

1
plane using the best expected signal region. The exclusion

limits are shown in Figure 13. The 5� discovery curves are also shown on the same plot. Bottom squark
masses up to 1400 GeV can be excluded at 95% CL with 300 fb�1 of integrated luminosity, for a massles
�̃0

1. With 3000 fb�1 at the HL-LHC, the exclusion reach improves by an additional 150 GeV. Bottom
squarks with masses of ⇠1100 GeV (1300 GeV) can be discovered with 5� significance with 300 fb�1 (
3000 fb�1).
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each bottom squark decaying to b�̃
0
1 with a 100% BR (as shown in Figure 10), was carried out at ATLAS

in Run I, setting a limit of ⇠650 GeV for a massless �̃0
1 [44]. Here, the prospects for bottom squark pair

production searches at the 14 TeV LHC with 300fb�1 and 3000fb�1 are studied.

b̃

b̃
p

p

�̃0
1

b

�̃0
1

b

Figure 10: The diagram for bottom squark pair production simplified model studied in this note. The
bottom squark is assumed to decay as b�̃

0
1 with 100% branching ratio.

The strategy pursued closely follows that of the 8 TeV analysis [44]. The main variable used to
discriminate the bottom squark pair signal from background is the boost-corrected contransverse mass,
mCT [45]. For parent particles produced with small transverse boosts, mCT is bounded from above by
an analytical combination of particle masses. This bound is saturated when the two visible objects are
co-linear. For tt̄ events this kinematic bound is at 135 GeV. For the production of bottom squark pairs,
the bound is given by:

m
max
CT =

m
2(b̃) � m

2(�̃0
1)

m(b̃)
. (1)

Figure 11 shows the mCT distribution for bottom squark signal events for hµi = 60. Due to the
endpoint for the tt̄ process, the mCT cut is found to be very e↵ective in suppressing this background. The
dominant background is then found to be Z(! ⌫⌫)+ bb̄, with smaller contributions from other processes
such as single top, tt̄V (V = W,Z) and diboson production.
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Figure 11: mCT distribution for signal events.
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Compressed stops. (di-lepton)
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Table 2: Expected yields in the SR together with their statistical uncertainties, for an integrated luminosity of
3000 fb�1. The expected numbers of events for two signal samples (mt̃1 = 350 GeV, m �̃0

1
= 177 GeV and mt̃1 =

700 GeV, m �̃0
1

= 527 GeV) are also reported.

SR

Expected Standard Model 13.8 ± 6.5

tt̄ 11.4 ± 5.1
tt̄ + Z 2.4 ± 1.5
Others 0.0+1.8

�0.0

t̃1 t̃1 m(t̃1, �̃
0
1) = (350, 177) GeV 62.7 ± 7.5

t̃1 t̃1 m(t̃1, �̃
0
1) = (700, 527) GeV 11.0 ± 2.0
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Figure 4: Expected compatibility, in terms of p-value p0, with the background-only hypothesis (left) and exclusion
limits at 95% CL shown as the ratio between the cross-section limit � and the nominal NLO+NLL prediction
�theory (right) from the analysis of 3000 fb�1of 14 TeV proton-proton collision data as a function of the t̃1 mass,
for mt̃1 � m �̃0

1
= 173 GeV and assuming BR(t̃1 ! t �̃

0
1) = 1. The shaded bands show the e�ect on the limit

of respectively one and two sigma variations on the background prediction. The sensitivity from the analysis of
300 fb�1of 14 TeV collision data is also shown as a red dashed line for comparison.

The HistFitter framework [58], which utilises a profile-likelihood-ratio test statistics [59], is used to
compute expected exclusion limits with the CLs prescription [60] assuming a 30% systematic uncertainty
on the background expectation.

Scans of expected discovery significance and 95% CL limits are shown in Figure 4 as a function of the
t̃1 mass. Simplified models of top squark production are considered, in which the t̃1 decays with 100%
branching ratio into t �̃

0
1. The 5� discovery potential for the full HL-LHC dataset is expected to extend up

to mt̃1 = 480 GeV, while in the absence of a signal, t̃1 masses up to 700 GeV are expected to be excluded
at 95% CL.
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Electroweakinos (multi-leptons)

| LHC Physics Discussion: SUSY  | Federico Meloni, 19/11/2018

fied models can be seen in Figure 4. In the case of the WZ-mediated simplified models and the luminosity
scenario of 300 fb�1, the exclusion contour reaches 840 GeV in �̃±1 , �̃

0
2 mass, while for the high luminosity

scenario with 3000 fb�1, the contour extends as far as 1.1 TeV in �̃±1 , �̃
0
2 mass. The discovery contour for

300 fb�1 reaches 560 GeV in �̃±1 , �̃
0
2 mass, and 820 GeV for the high luminosity scenario with 3000 fb�1.
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Figure 4: The expected 95% exclusion and discovery contours for the 300 fb�1 and 3000 fb�1 luminosity
scenarios in the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the WZ-mediated simplified model. The 8 TeV exclusion

contour is also shown in orange [19].

3.3 3` Wh-mediated Signal Region Selection

Leptons are selected as in Section 3.1. Events are selected with exactly three leptons and events with a
Same-Flavour Opposite-Sign (SFOS) lepton pair present among the three leptons are rejected to suppress
the WZ background. This SFOS veto mainly selects Wh-mediated �̃±1 �̃

0
2 signal events where the h!WW.

Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The WZ and tt̄ samples are
generated with a E

miss
T > 50 GeV filter, and so a requirement of E

miss
T > 100 GeV is imposed after

smearing. A requirement is made on the invariant mass of the two OS leptons closest in �R, m
min�R

OS
, to

reject the tt̄ and WWW backgrounds. Large mT formed from each of the three leptons, mT(`1), mT(`2)
and mT(`3), is required to reduce the contributions from the tt̄ and triboson backgrounds. The thresholds
on m

min�R

OS
, mT(`1), mT(`2) and mT(`3) are optimised for high ZN . Four signal regions are defined for

the Wh-mediated simplified model: two loose regions “E” and “F” optimised for small mass splitting
scenarios, a tight region “G” optimised for large mass splitting scenarios, and a very tight region “H”
optimised for large mass splittings in the 3000 fb�1 scenario, and these are summarised in Table 3.

3.4 1`2⌧ Wh-mediated Signal Region Selection

Leptons and jets are selected as in Section 3.1. Candidate taus are selected with pT larger than 20 GeV
and |⌘|< 2.47. All taus are requested to be separated from candidate jets (jets are discarded if �R(⌧, jet) <
0.2) and leptons (taus are discarded if �R(⌧, `) < 0.2). Due to limited statistics in some MC samples, MC
events are used 10 times with di↵erent seeds used for the reconstruction parametrisation. The events are
then weighted by 1/10 to account for this e↵ect.
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1 mass plane for the 1`bb SUSY search.

momentum and ⌘, scenario, and pile-up condition as described in Section XI.2. Three different
collections of jets are utilised:

• “Large-R" Jets: truth jets reconstructed with R = 1.0 are trimmed with an algorithm that relies
on sub-jets reconstructed using the k

t
algorithm with radius parameter Rsub = 0.2. The trimming

algorithm removes sub-jets with pT less than 5% of the large-R jet pT. The mass of the large-R
jets is smeared with a Gaussian of width equal to 8.5% of the truth jet mass.

• “Track” Jets: truth jets reconstructed with R = 0.2 serve as a proxy for “track” jets that are to
be b-tagged. Track jets are considered to match large-R jets if they lie within �R < 1.2.

• “Trigger” Jets: truth jets reconstructed with R = 0.4.

The details of the jet selection are provided in Table 42. Due to the high jet thresholds applied, the
contribution of jets from pile-up interactions is considered negligible and no pile-up jets are superim-
posed on the hard scatter event in this analysis. The b-tagging algorithm working point corresponds
to a b-tagging efficiency of 70% for jets with |⌘| < 2.7 in tt̄ events. For jets with pT > 300 GeV, a
working point with constant efficiency for b-jets is adopted, taking into account the variation of c- and
light-jet rejection as a function of pT.

The dominant background process originates from multi-jet production. Optimal signal-to-back-
ground discrimination is achieved by applying the event selection described in Table 43, where track
jets matched to the large-R jets must satisfy the b-tagging requirements. A “top-veto” is then imposed
by rejecting events where the mass of any combination of the two track jets associated with either the
leading or the sub-leading large-R jet with a third track jet is in the range 135�190 (125�190) GeV
for the leading (sub-leading) larger R-jet. Finally, the signal region is formed by the ensemble of
events satisfying X

hh
<1.6 where X

hh
is defined as:

X
hh
=

vut0
BBBBB@

m
lead
J � 124 GeV

0.1m
lead
J

1
CCCCCA

2

+

0
BBBBB@

m
subl
J � 115 GeV

0.1m
subl
J

1
CCCCCA

2

. (8)
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contour reaches 650 GeV in �̃±1 , �̃
0
2 mass for the 300 fb�1 scenario, and 940 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. The discovery contour for 3000 fb�1 reaches 650 GeV in �̃±1 , �̃
0
2 mass, however,

a discovery contour is not achieved for the 300 fb�1 scenario. For the 8 TeV analysis, the exclusion
contour reaches 150 GeV in �̃±1 , �̃

0
2 mass and 17 GeV in �̃0

1 mass [20].
In the case of the 1`2⌧ channel, the exclusion contour reaches 550 GeV in �̃±1 , �̃

0
2 mass for the

3000 fb�1 scenario. An exclusion contour for 300 fb�1 is not achieved, neither are discovery contours
for either luminosity scenario. A statistical fluctuation in the WW background sample used for the anal-
ysis leads to a conservative estimate of the WW background of 3.5 events. Using an ABCD method
with the E

miss
T and |pT (⌧1)| + |pT (⌧2)| variables, the WW estimate is reduced to 0.1 events and the limits

improve by about 50 GeV in �̃±1 , �̃0
2 and �̃0

1 mass. Despite the weak sensitivity to Wh-mediated scenarios
with h! ⌧⌧ final states, the 1`2⌧ channel gives excellent complementarity to 3` final states.
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Figure 5: The expected 95% exclusion contours for the 300 fb�1 and 3000 fb�1 luminosity scenarios in
the m(�̃0

1) vs m(�̃±1 , �̃
0
2) plane for the Wh-mediated simplified model. The sensitivity using the 3` channel

is shown on the left, and the 1`2⌧ channel on the right.

4 Strongly produced supersymmetry

Strongly produced SUSY particles are expected to have the highest production cross-section of all SUSY
processes, provided they are light enough to be produced at the LHC. In this study, simplified models
of gluino and squark pair production are considered. The gluino decays directly into two quarks and the
LSP (�̃0

1) with 100% branching ratio, as shown in Figure 6. The squark decays into a quark and the LSP
(�̃0

1) with 100% branching ratio. In both cases signal events are characterised by many jets, large E
miss
T

and no leptons.

4.1 Background processes

The SM background for a signal with many jets and large E
miss
T is dominated by Z+jets, W+jets, tt̄ and

diboson production. Based on 8 TeV published results [22], the diboson background is set to 10% of the
total of the other SM backgrounds, multijet production is assumed to be suppressed to negligible levels
by dedicated signal region requirements, and the uncertainty on the total SM background is assumed to
be 10%.
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