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The Standard Model is incomplete: big questions 
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rinos. The idea of the Dirac neutrino works in the sense that
we can generate neutrino masses via the Higgs mechanism
(figure 2b). However, it also suggests that neutrinos should have
similar masses to the other particles in the Standard Model. To
avoid this problem, we have to make the strength of neutrino
interactions with the Higgs boson at least 1012 times weaker
than that of the top quark. Few physicists accept such a tiny
number as a fundamental constant of nature.

An alternative way to make right-handed neutrinos ex-
tremely weakly interacting was proposed in 1998 by Nima
Arkani-Hamed at the Stanford Linear Accelerator Center,
Savas Dimopoulous of Stanford University, Gia Dvali of the
International Centre for Theoretical Physics in Trieste and
John March-Russell of CERN. They exploited an idea from
superstring theory in which the three dimensions of space
with which we are familiar are embedded in 10- or 11-dimen-
sional space–time. Like us, all the particles of the Standard
Model – electrons, quarks, left-handed neutrinos, the Higgs
boson and so on – are stuck on a three-dimensional “sheet”
called a three-brane.

One special property of right-handed neutrinos is that they
do not feel the electromagnetic force, or the strong and weak
forces. Arkani-Hamed and collaborators argued that right-
handed neutrinos are not trapped on the three-brane in the
same way that we are, rather they can move in the extra
dimensions. This mechanism explains why we have never
observed a right-handed neutrino and why their interactions
with other particles in the Standard Model are extremely
weak. The upshot of this approach is that neutrino masses
can be very small.

The second way to extend the Standard Model involves
particles that are called Majorana neutrinos. One advantage
of this approach is that we no longer have to invoke right-
handed neutrinos with extremely weak interactions. How-
ever, we do have to give up the fundamental distinction
between matter and antimatter. Although this sounds bizarre,
neutrinos and antineutrinos can be identical because they
have no electric charge.

Massive neutrinos sit naturally within this framework.
Recall the observer travelling at the speed of light who over-
takes a left-handed neutrino and sees a right-handed neut-
rino. Earlier we argued that the absence of right-handed
neutrinos means that neutrinos are massless. But if neutrinos
and antineutrinos are the same particle, then we can argue
that the observer really sees a right-handed antineutrino and
that the massive-neutrino hypothesis is therefore sound.

So how is neutrino mass generated? In this scheme, it is
possible for right-handed neutrinos to have a mass of their
own without relying on the Higgs boson. Unlike other quarks
and leptons, the mass of the right-handed neutrino, M, is not
tied to the mass scale of the Higgs boson. Rather, it can be
much heavier than other particles.

When a left-handed neutrino collides with the Higgs boson,
it acquires a mass, m, which is comparable to the mass of
other quarks and leptons. At the same time it transforms into
a right-handed neutrino, which is much heavier than energy
conservation would normally allow (figure 2c). However, the
Heisenberg uncertainty principle allows this state to exist for a
short time interval, ∆t, given by ∆t ~ h!/Mc2, after which the
particle transforms back into a left-handed neutrino with
mass m by colliding with the Higgs boson again. Put simply,
we can think of the neutrino as having an average mass of
m2/M over time.

This so-called seesaw mechanism can naturally give rise to
light neutrinos with normal-strength interactions. Normally
we would worry that neutrinos with a mass, m, that is similar
to the masses of quarks and leptons would be too heavy. How-
ever, we can still obtain light neutrinos if M is much larger
than the typical masses of quarks and leptons. Right-handed
neutrinos must therefore be very heavy, as predicted by grand-
unified theories that aim to combine electromagnetism with
the strong and weak interactions.

Current experiments suggest that these forces were unified
when the universe was about 10–32 m across. Due to the un-
certainty principle, the particles that were produced in such
small confines had a high momentum and thus a large mass.
It turns out that the distance scale of unification gives right-
handed neutrinos sufficient mass to produce light neutrinos
via the seesaw mechanism. In this way, the light neutrinos that
we observe in experiments can therefore probe new physics at
extremely short distances. Among the physics that neutrinos
could put on a firm footing is the theory of supersymmetry,
which theorists believe is needed to make unification happen
and to make the Higgs mechanism consistent down to such
short distance scales.

Why do we exist?
Abandoning the fundamental distinction between matter and
antimatter means that the two states can convert to each
other. It may also solve one of the biggest mysteries of our uni-
verse: where has all the antimatter gone? After the Big Bang,
the universe was filled with equal amounts of matter and anti-
matter, which annihilated as the universe cooled. However,
roughly one in every 10 billion particles of matter survived
and went on to create stars, galaxies and life on Earth. What
created this tiny excess of matter over antimatter so that we
can exist?

With Majorana neutrinos it is possible to explain what
caused the excess matter. The hot Big Bang produced heavy
right-handed neutrinos that eventually decayed into their
lighter left-handed counterparts. As the universe cooled, there
was insufficient energy to produce further massive neutrinos.
Being an antiparticle in its own right, these Majorana neut-
rinos decayed into left-handed neutrinos or right-handed
antineutrinos together with Higgs bosons, which underwent
further decays into heavy quarks. Even slight differences in the
probabilities of the decays into matter and antimatter would
have left the universe with an excess of matter.

3 Fermions weigh in
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A comparison of the masses of all the fundamental fermions, particles with
spin h!/2. Other than the neutrino, the lightest fermion is the electron, with a
mass of 0.5 MeV c–2. Neutrino-oscillation experiments do not measure the
mass of neutrinos directly, rather the mass difference between the different
types of neutrino. But by assuming that neutrino masses are similar to this
mass difference, we can place upper limits on the mass of a few hundred
millielectron-volts.
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Why do we need HL-LHC? 

�

o  Discuss expected sensitivity to broad range of Beyond the SM benchmark models for new 
physics searches at the CMS and ATLAS collaborations. �

�
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Figure 1: Left: LHC integrated luminosity delivered to CMS during the 2010 (green), 2011 (red),
and 2012 (blue) running periods. Right: ratio of parton luminosities at the LHC for center-of-
mass energies of 8 and 14 TeV relative to 7 TeV. Luminosities are shown separately for processes
initiated by gg, qg, and qq collisions [2].

projections is based on the assumption that the planned upgrades of the CMS detector will
achieve the goal of mitigating the increased radiation damage and complications arising from
higher luminosity and higher pile-up. With this primary assumption, existing public results
based on current data are extrapolated to higher energy and luminosities. In most cases, the
analyses are assumed to be unchanged, which is a conservative assumption given the fact that
all analyses will be reoptimized to maximally exploit the higher energy and luminosity. This
white paper updates and extends the conclusions summarized in the CMS report [3] submitted
to the European Strategy Preparatory Group in October, 2012, and is organized as follows. Sec-
tion 2 summarizes the current physics landscape at the Energy Frontier, while Sec. 3 describes
the CMS upgrade plans for LHC Phases 1 and 2. Section 4 presents the projected measurement
sensitivity of Higgs boson properties, while Secs. 5 and 6 summarize the discovery reach for
supersymmetry and exotic resonances, respectively. Sections 7-9 summarize the physics poten-
tial for top-quark, electroweak, and heavy-ion physics, respectively, and concluding remarks
are given in Sec. 10.

2 LHC Physics Landscape (2013)
By the end of the 2010 LHC data-taking period at 7 TeV, all of the SM particles had been redis-
covered by both CMS and ATLAS (neutrinos through missing energy). By the end of 2011 the
search for the SM Higgs boson had excluded a wide range of masses, leaving only a narrow
allowed region around 125 GeV where an indication of a signal had appeared. Increasingly
precise measurements of top quark and electroweak processes continued to confirm the stan-
dard model, and the absence of any signals in the search for new particles beyond the standard
model (BSM) motivated a new class of simplified supersymmetric (SUSY) models to test in the
8 TeV data.

In July of 2012 the landscape changed fundamentally when the ATLAS [4] and CMS [5] col-
laborations announced the discovery of a new particle with a mass near 125 GeV possessing
properties consistent with that of the long-sought Higgs boson. Since that time, both experi-
ments have analyzed the full 8 TeV dataset, comprising approximately 20 fb�1 of proton-proton
collision data, and reported preliminary results for the main boson decay channels [6–9]. CMS

þ  significant impact on the physics reach of 
CMS and ATLAS beyond that gained by 
accumulating 10 or 100 times more data. �

�arXiv:1307.7135 à use ratio of partonic luminosities 

Ø   The discovery of new physics is one of 
the highest priorities for the current and 
future LHC �

Ø   The multi-TeV energy range will not be 
accessible at any other current facility. �

Ø  Strategy: take existing searches and figure 
out reach at 14 TeV, for different 
luminosities! �
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Ø  Supersymmetry Searches�
o  Strongly produced SUSY: gluino and 

squarks searches�
o  Third generation SUSY: direct stop and 

direct sbottom searches�
o  Electroweak production of SUSY particles�
o  Vector Boson Fusion in SUSY �

Ø  Vector boson scattering and Triboson 
production �

Ø  Vector-like charge 2/3 quark search �
Ø  Search for ttbar and dilepton resonances�
Ø  Search for W` and Dark Matter �
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CMS-FTR-13-006,  
CMS-FTR-13-014,  
CMS-FTR-13-026 

ATLAS-PHYS-PUB-2013-003, 
ATLAS-PHYS-PUB-2013-007, 
ATLAS-PHYS-PUB-2013-011, 
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ATLAS Collaboration à https://twiki.cern.ch/twiki/bin/view/AtlasPublic/UpgradePhysicsStudies �
CMS Collaboration    à https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsFP �
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Studies of Future Physics Prospects 

Both CMS and ATLAS studies have been performed for 5σ discovery reach with 
300(0) fb-1 @ 14 TeV based on 20 fb-1@ 8 TeV �

①   all yields and uncertainties scaled by lumi and cross-section �

②   relative background uncertainty is assumed to be same #�
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Figure 1: Left: LHC integrated luminosity delivered to CMS during the 2010 (green), 2011 (red),
and 2012 (blue) running periods. Right: ratio of parton luminosities at the LHC for center-of-
mass energies of 8 and 14 TeV relative to 7 TeV. Luminosities are shown separately for processes
initiated by gg, qg, and qq collisions [2].

projections is based on the assumption that the planned upgrades of the CMS detector will
achieve the goal of mitigating the increased radiation damage and complications arising from
higher luminosity and higher pile-up. With this primary assumption, existing public results
based on current data are extrapolated to higher energy and luminosities. In most cases, the
analyses are assumed to be unchanged, which is a conservative assumption given the fact that
all analyses will be reoptimized to maximally exploit the higher energy and luminosity. This
white paper updates and extends the conclusions summarized in the CMS report [3] submitted
to the European Strategy Preparatory Group in October, 2012, and is organized as follows. Sec-
tion 2 summarizes the current physics landscape at the Energy Frontier, while Sec. 3 describes
the CMS upgrade plans for LHC Phases 1 and 2. Section 4 presents the projected measurement
sensitivity of Higgs boson properties, while Secs. 5 and 6 summarize the discovery reach for
supersymmetry and exotic resonances, respectively. Sections 7-9 summarize the physics poten-
tial for top-quark, electroweak, and heavy-ion physics, respectively, and concluding remarks
are given in Sec. 10.

2 LHC Physics Landscape (2013)
By the end of the 2010 LHC data-taking period at 7 TeV, all of the SM particles had been redis-
covered by both CMS and ATLAS (neutrinos through missing energy). By the end of 2011 the
search for the SM Higgs boson had excluded a wide range of masses, leaving only a narrow
allowed region around 125 GeV where an indication of a signal had appeared. Increasingly
precise measurements of top quark and electroweak processes continued to confirm the stan-
dard model, and the absence of any signals in the search for new particles beyond the standard
model (BSM) motivated a new class of simplified supersymmetric (SUSY) models to test in the
8 TeV data.

In July of 2012 the landscape changed fundamentally when the ATLAS [4] and CMS [5] col-
laborations announced the discovery of a new particle with a mass near 125 GeV possessing
properties consistent with that of the long-sought Higgs boson. Since that time, both experi-
ments have analyzed the full 8 TeV dataset, comprising approximately 20 fb�1 of proton-proton
collision data, and reported preliminary results for the main boson decay channels [6–9]. CMS

arXiv:1307.7135 

¤  Only slight analysis re-optimization �
¤  No potential degradation studies �
¤  All analyses have individual approach for 

projections: �
�
  taken into account relevant parameters�
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Searches for Supersymmetry at HL-LHC 

2 Searches for R-parity conserving SUSY

2.1 SUSY searches at the LHC

In the framework of generic R-parity conserving supersymmetric extensions of the SM, SUSY particles
are produced in pairs and the LSP is stable. In a large fraction of the parameter space, the LSP is the
lightest neutralino, where neutralinos (�̃0

j , j = 1, 2, 3, 4) and charginos (�̃±i , i = 1, 2) are the mass eigen-
states originating from the superposition of the SUSY partners of Higgs and electroweak gauge bosons
(higgsinos and electroweak gauginos). The scalar partners of right-handed and left-handed fermions can
mix to form two mass eigenstates, nearly degenerate in the case of first and second generation squarks
and sleptons (q̃ and l̃), whilst possibly split in the case of bottom and top squarks (sbottom, b̃ and stop,
t̃) and tau sleptons (stau, ⌧̃). The lighter top squark mass eigenstate can be significantly lighter than the
other squarks and the gluinos (g̃, supersymmetric partners of the gluons).

Supersymmetry searches in the initial phases of the LHC (in particular those corresponding to the
35 pb�1 and the 1 fb�1 datasets) targeted processes with large expected cross-section, such as production
of gluinos and first, second generation squarks (Fig. 1). As the integrated luminosity increased, the search
strategy was refined to access processes with either smaller cross-section or a-priori lower sensitivity.

The ATLAS Collaboration is currently carrying out a broad programme of searches [13–21] including
searches for light-flavour squarks and gluinos, weakly produced sparticles, and third generation squarks.
Results from the searches mentioned above have excluded first and second generation squark and gluino
masses below about 850 GeV and 1330 GeV, respectively, under the assumption of a simplified model
and a very light LSP [22]. Less stringent limits are placed on third generation squarks [17], charginos
and neutralinos [20] and sleptons [19]. The mass constraints strongly depend on the assumed SUSY
mass spectrum.

Figure 1: Next-to-leading order cross-sections for the production of supersymmetric particles at the
LHC as a function of the average mass of the pair-produced supersymmetric particles. The �̃±1 and �̃0

2
are assumed to be wino-like. Cross-sections for bottom squark pair production are equal to those of top
squark pair production. . The squark cross-sections are shown for decoupled gluinos and the gluino
cross-section is shown for decoupled squarks.

2

Ø  The strongest motivation for Supersymmetry 
(SUSY) comes from the need to stabilize the mass 
of the Higgs boson. �

Ø  The mass of the Higgs boson receives quadratic 
radiative corrections from particles at higher 
energy scales.�

In order to be “natural” (i.e. to avoid fine tuning), it is required that the mass of the top squark is relatively small. 
Similar requirements are valid for the mass of the sbottom(s), the higgsinos, and the gluinos; �
 

Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2013 

Natural Supersymmetry 

Natural Supersymmetry: 
 
 

! µ ∼ mh ∼ 125 GeV 
! and:  

 
! Especially superpartners with close ties to Higgs must not be too far 

above the weak scale – especially higgsinos (mass controlled by µ)  
!  If superpartners are too heavy, contributions on right must be fine 

tuned against each other to achieve electroweak symmetry breaking  
! Stop corrects mHu

2 at one loop:  
    with µ ~ 150-200 GeV  ! mstop = 1-1.5 TeV 
! Gluinos corrects MHu

2 at two loops: should be lighter than several TeV 

! 1st and 2nd generation sfermions: O(10)TeV without problem for 
naturalness, yielding a decoupling solution to the SUSY flavor and CP 
problem 
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EWK SUSY  
sector 

Stop and gluino contribution 

Simplified Models (SMS's): �
focus on very specific decays, �
strong assumptions are made�

Interpretations

8A. Gaz – University of ColoradoIPA 2014

● We interpret the results of our analyses in the context of: 

Full Models: (pMSSM, cMSSM, 
mSugra, …), the whole SUSY 
spectrum and all possible 
decays are considered

Simpli,ed Models (SMS's): 
focus on very speci,c decays, 
strong assumptions are made
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Figure 4: Example of the gluino-induced stop quark production mechanism.

The preselection of events is based on the reconstruction of an isolated lepton (electron or
muon) and multiple jets. The selection criteria are as follows:

• An isolated electron (muon) with pT > 20 GeV and |h| < 2.5 (2.1);
• Veto of additional leptons (electrons or muons) with pT > 15 GeV and |h| < 2.5;
• At least six jets with pT > 40 GeV and |h| < 2.4;
• At least one of the jets identified as originating from a b-quark;
• HT > 500 GeV, where HT is the scalar sum of the pT of all jets in the event with

pT > 40 GeV and |h| < 2.4;

• Slep
T > 250 GeV, where Slep

T is defined as the scalar sum of the missing transverse
energy, ET/ , and the pT of the charged lepton.

After preselection, the sample is dominated by single-lepton tt̄ events. This background is
reduced by applying a further requirement on the azimuthal angle between the W candidate
and the charged lepton. The W candidate transverse momentum is obtained as the vectorial
sum of the transverse momentum of the charged lepton, and the missing transverse energy,
ET/ , which is calculated including all particle flow objects [32]. As discussed in [11], leptons
that arise from W decays have a small angle with respect to the W candidate, whereas in SUSY
decays the lepton is almost uncorrelated with the ET/ and thus with the resulting W candidate.
Therefore, Df(W, `) < 1 is selected as the control region and Df(W, `) > 1 is defined as the
signal region for the search. A transfer factor RCS is determined, either from simulation or from
data, which is defined as follows:

RCS =
Nsignal

Ncontrol
=

Number of events with Df(W, `) > 1
Number of events with Df(W, `) < 1

. (1)

Once RCS is known, the number of SM events in the signal region in the data can be estimated
from the number of data events in the control region:

Npred
SM (Df(W, `) > 1) = RCS · Ndata(Df(W, `) < 1). (2)

The dominant background in the signal region is di-leptonic tt̄. The search is performed in bins
of b-tag multiplicity and of Slep

T .

The effect of the increased pileup on the search has been studied in detail for this analysis using
the Phase I detector configuration, for two different pileup scenarios, with zero and 140 pileup
events. It has been found that the background estimation method will work also under harsh
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Strongly produced SUSY 

2 Searches for R-parity conserving SUSY

2.1 SUSY searches at the LHC

In the framework of generic R-parity conserving supersymmetric extensions of the SM, SUSY particles
are produced in pairs and the LSP is stable. In a large fraction of the parameter space, the LSP is the
lightest neutralino, where neutralinos (�̃0

j , j = 1, 2, 3, 4) and charginos (�̃±i , i = 1, 2) are the mass eigen-
states originating from the superposition of the SUSY partners of Higgs and electroweak gauge bosons
(higgsinos and electroweak gauginos). The scalar partners of right-handed and left-handed fermions can
mix to form two mass eigenstates, nearly degenerate in the case of first and second generation squarks
and sleptons (q̃ and l̃), whilst possibly split in the case of bottom and top squarks (sbottom, b̃ and stop,
t̃) and tau sleptons (stau, ⌧̃). The lighter top squark mass eigenstate can be significantly lighter than the
other squarks and the gluinos (g̃, supersymmetric partners of the gluons).

Supersymmetry searches in the initial phases of the LHC (in particular those corresponding to the
35 pb�1 and the 1 fb�1 datasets) targeted processes with large expected cross-section, such as production
of gluinos and first, second generation squarks (Fig. 1). As the integrated luminosity increased, the search
strategy was refined to access processes with either smaller cross-section or a-priori lower sensitivity.

The ATLAS Collaboration is currently carrying out a broad programme of searches [13–21] including
searches for light-flavour squarks and gluinos, weakly produced sparticles, and third generation squarks.
Results from the searches mentioned above have excluded first and second generation squark and gluino
masses below about 850 GeV and 1330 GeV, respectively, under the assumption of a simplified model
and a very light LSP [22]. Less stringent limits are placed on third generation squarks [17], charginos
and neutralinos [20] and sleptons [19]. The mass constraints strongly depend on the assumed SUSY
mass spectrum.

Figure 1: Next-to-leading order cross-sections for the production of supersymmetric particles at the
LHC as a function of the average mass of the pair-produced supersymmetric particles. The �̃±1 and �̃0

2
are assumed to be wino-like. Cross-sections for bottom squark pair production are equal to those of top
squark pair production. . The squark cross-sections are shown for decoupled gluinos and the gluino
cross-section is shown for decoupled squarks.

2
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Figure 4: Example of the gluino-induced stop quark production mechanism.

The preselection of events is based on the reconstruction of an isolated lepton (electron or
muon) and multiple jets. The selection criteria are as follows:

• An isolated electron (muon) with pT > 20 GeV and |h| < 2.5 (2.1);
• Veto of additional leptons (electrons or muons) with pT > 15 GeV and |h| < 2.5;
• At least six jets with pT > 40 GeV and |h| < 2.4;
• At least one of the jets identified as originating from a b-quark;
• HT > 500 GeV, where HT is the scalar sum of the pT of all jets in the event with

pT > 40 GeV and |h| < 2.4;

• Slep
T > 250 GeV, where Slep

T is defined as the scalar sum of the missing transverse
energy, ET/ , and the pT of the charged lepton.

After preselection, the sample is dominated by single-lepton tt̄ events. This background is
reduced by applying a further requirement on the azimuthal angle between the W candidate
and the charged lepton. The W candidate transverse momentum is obtained as the vectorial
sum of the transverse momentum of the charged lepton, and the missing transverse energy,
ET/ , which is calculated including all particle flow objects [32]. As discussed in [11], leptons
that arise from W decays have a small angle with respect to the W candidate, whereas in SUSY
decays the lepton is almost uncorrelated with the ET/ and thus with the resulting W candidate.
Therefore, Df(W, `) < 1 is selected as the control region and Df(W, `) > 1 is defined as the
signal region for the search. A transfer factor RCS is determined, either from simulation or from
data, which is defined as follows:

RCS =
Nsignal

Ncontrol
=

Number of events with Df(W, `) > 1
Number of events with Df(W, `) < 1

. (1)

Once RCS is known, the number of SM events in the signal region in the data can be estimated
from the number of data events in the control region:

Npred
SM (Df(W, `) > 1) = RCS · Ndata(Df(W, `) < 1). (2)

The dominant background in the signal region is di-leptonic tt̄. The search is performed in bins
of b-tag multiplicity and of Slep

T .

The effect of the increased pileup on the search has been studied in detail for this analysis using
the Phase I detector configuration, for two different pileup scenarios, with zero and 140 pileup
events. It has been found that the background estimation method will work also under harsh



Altan Cakir  |  Prospect of New Physics Searches using HL-LHC | Fermilab 2014  |  Page 8 

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
10

03
Ju

ly
20

14

ATLAS NOTE
ATL-PHYS-PUB-2014-010

July 3, 2014

Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Strongly produced SUSY and Current Limits 

gluino mass [GeV]
600 800 1000 1200 1400 1600

LS
P 

m
as

s 
[G

eV
]

0

100

200

300

400

500

600

700

800

900

m(gluino) - 
m(LSP) =

 2 
m(to

p)

ICHEP 2014
 = 8 TeVs

CMS Preliminary
1
0
χ∼ t t →g~ production,  g~-g~

-1) 19.5 fbT+HTESUS-13-012 0-lep (
-1SUS-14-011 0+1+2-lep (razor) 19.3 fb

-1 6) 19.3 fb≥
jets

SUS-13-007 1-lep (n
-1SUS-13-016 2-lep (OS+b) 19.7 fb
-1SUS-13-013 2-lep (SS+b) 19.5 fb

-1SUS-13-008 3-lep (3l+b) 19.5 fb

Observed
SUSY
theoryσObserved -1 

Expected

 [GeV]g~m
600 700 800 900 1000 1100 1200 1300 1400 1500 1600

 [G
eV

]
10 χ∼

m
200

400

600

800

1000

 fo
rbi

dd
en

1
0
χ∼t t

→g~

 = 8 TeVs), g~) >> m(q~, m(
1
0
χ∼t t→g~ production, g~g~ ICHEP 2014

ATLAS
Preliminary

Expected
Observed
Expected
Observed
Observed
Expected

 10 jets≥0-lepton, 7 - 

 3 b-jets≥0-1 lepton, 

 3 b-jets≥2SS/3 leptons, 0 - 

arXiv: 1308.1841

arXiv: 1407.0600

arXiv: 1404.2500

]-1 = 20.3 fb
int

[L

]-1 = 20.1 fb
int

[L

]-1 = 20.3 fb
int

[L

 not included.theory
SUSYσ95% CL limits. 

2 Searches for R-parity conserving SUSY

2.1 SUSY searches at the LHC

In the framework of generic R-parity conserving supersymmetric extensions of the SM, SUSY particles
are produced in pairs and the LSP is stable. In a large fraction of the parameter space, the LSP is the
lightest neutralino, where neutralinos (�̃0

j , j = 1, 2, 3, 4) and charginos (�̃±i , i = 1, 2) are the mass eigen-
states originating from the superposition of the SUSY partners of Higgs and electroweak gauge bosons
(higgsinos and electroweak gauginos). The scalar partners of right-handed and left-handed fermions can
mix to form two mass eigenstates, nearly degenerate in the case of first and second generation squarks
and sleptons (q̃ and l̃), whilst possibly split in the case of bottom and top squarks (sbottom, b̃ and stop,
t̃) and tau sleptons (stau, ⌧̃). The lighter top squark mass eigenstate can be significantly lighter than the
other squarks and the gluinos (g̃, supersymmetric partners of the gluons).

Supersymmetry searches in the initial phases of the LHC (in particular those corresponding to the
35 pb�1 and the 1 fb�1 datasets) targeted processes with large expected cross-section, such as production
of gluinos and first, second generation squarks (Fig. 1). As the integrated luminosity increased, the search
strategy was refined to access processes with either smaller cross-section or a-priori lower sensitivity.

The ATLAS Collaboration is currently carrying out a broad programme of searches [13–21] including
searches for light-flavour squarks and gluinos, weakly produced sparticles, and third generation squarks.
Results from the searches mentioned above have excluded first and second generation squark and gluino
masses below about 850 GeV and 1330 GeV, respectively, under the assumption of a simplified model
and a very light LSP [22]. Less stringent limits are placed on third generation squarks [17], charginos
and neutralinos [20] and sleptons [19]. The mass constraints strongly depend on the assumed SUSY
mass spectrum.

Figure 1: Next-to-leading order cross-sections for the production of supersymmetric particles at the
LHC as a function of the average mass of the pair-produced supersymmetric particles. The �̃±1 and �̃0

2
are assumed to be wino-like. Cross-sections for bottom squark pair production are equal to those of top
squark pair production. . The squark cross-sections are shown for decoupled gluinos and the gluino
cross-section is shown for decoupled squarks.
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Figure 4: Example of the gluino-induced stop quark production mechanism.

The preselection of events is based on the reconstruction of an isolated lepton (electron or
muon) and multiple jets. The selection criteria are as follows:

• An isolated electron (muon) with pT > 20 GeV and |h| < 2.5 (2.1);
• Veto of additional leptons (electrons or muons) with pT > 15 GeV and |h| < 2.5;
• At least six jets with pT > 40 GeV and |h| < 2.4;
• At least one of the jets identified as originating from a b-quark;
• HT > 500 GeV, where HT is the scalar sum of the pT of all jets in the event with

pT > 40 GeV and |h| < 2.4;

• Slep
T > 250 GeV, where Slep

T is defined as the scalar sum of the missing transverse
energy, ET/ , and the pT of the charged lepton.

After preselection, the sample is dominated by single-lepton tt̄ events. This background is
reduced by applying a further requirement on the azimuthal angle between the W candidate
and the charged lepton. The W candidate transverse momentum is obtained as the vectorial
sum of the transverse momentum of the charged lepton, and the missing transverse energy,
ET/ , which is calculated including all particle flow objects [32]. As discussed in [11], leptons
that arise from W decays have a small angle with respect to the W candidate, whereas in SUSY
decays the lepton is almost uncorrelated with the ET/ and thus with the resulting W candidate.
Therefore, Df(W, `) < 1 is selected as the control region and Df(W, `) > 1 is defined as the
signal region for the search. A transfer factor RCS is determined, either from simulation or from
data, which is defined as follows:

RCS =
Nsignal

Ncontrol
=

Number of events with Df(W, `) > 1
Number of events with Df(W, `) < 1

. (1)

Once RCS is known, the number of SM events in the signal region in the data can be estimated
from the number of data events in the control region:

Npred
SM (Df(W, `) > 1) = RCS · Ndata(Df(W, `) < 1). (2)

The dominant background in the signal region is di-leptonic tt̄. The search is performed in bins
of b-tag multiplicity and of Slep

T .

The effect of the increased pileup on the search has been studied in detail for this analysis using
the Phase I detector configuration, for two different pileup scenarios, with zero and 140 pileup
events. It has been found that the background estimation method will work also under harsh
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Strongly produced SUSY: Gluino Searches 
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Figure 4: Example of the gluino-induced stop quark production mechanism.

The preselection of events is based on the reconstruction of an isolated lepton (electron or
muon) and multiple jets. The selection criteria are as follows:

• An isolated electron (muon) with pT > 20 GeV and |h| < 2.5 (2.1);
• Veto of additional leptons (electrons or muons) with pT > 15 GeV and |h| < 2.5;
• At least six jets with pT > 40 GeV and |h| < 2.4;
• At least one of the jets identified as originating from a b-quark;
• HT > 500 GeV, where HT is the scalar sum of the pT of all jets in the event with

pT > 40 GeV and |h| < 2.4;

• Slep
T > 250 GeV, where Slep

T is defined as the scalar sum of the missing transverse
energy, ET/ , and the pT of the charged lepton.

After preselection, the sample is dominated by single-lepton tt̄ events. This background is
reduced by applying a further requirement on the azimuthal angle between the W candidate
and the charged lepton. The W candidate transverse momentum is obtained as the vectorial
sum of the transverse momentum of the charged lepton, and the missing transverse energy,
ET/ , which is calculated including all particle flow objects [32]. As discussed in [11], leptons
that arise from W decays have a small angle with respect to the W candidate, whereas in SUSY
decays the lepton is almost uncorrelated with the ET/ and thus with the resulting W candidate.
Therefore, Df(W, `) < 1 is selected as the control region and Df(W, `) > 1 is defined as the
signal region for the search. A transfer factor RCS is determined, either from simulation or from
data, which is defined as follows:

RCS =
Nsignal

Ncontrol
=

Number of events with Df(W, `) > 1
Number of events with Df(W, `) < 1

. (1)

Once RCS is known, the number of SM events in the signal region in the data can be estimated
from the number of data events in the control region:

Npred
SM (Df(W, `) > 1) = RCS · Ndata(Df(W, `) < 1). (2)

The dominant background in the signal region is di-leptonic tt̄. The search is performed in bins
of b-tag multiplicity and of Slep

T .

The effect of the increased pileup on the search has been studied in detail for this analysis using
the Phase I detector configuration, for two different pileup scenarios, with zero and 140 pileup
events. It has been found that the background estimation method will work also under harsh

Pre-selection of events based on: �
•  An isolated electron (muon) pT>20 

GeV and |η|<2.5 (2.1) �
•  Leptons veto pT>15 GeV, |η|<2.5 �
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Figure 4: Example of the gluino-induced stop quark production mechanism.

The preselection of events is based on the reconstruction of an isolated lepton (electron or
muon) and multiple jets. The selection criteria are as follows:

• An isolated electron (muon) with pT > 20 GeV and |h| < 2.5 (2.1);
• Veto of additional leptons (electrons or muons) with pT > 15 GeV and |h| < 2.5;
• At least six jets with pT > 40 GeV and |h| < 2.4;
• At least one of the jets identified as originating from a b-quark;
• HT > 500 GeV, where HT is the scalar sum of the pT of all jets in the event with

pT > 40 GeV and |h| < 2.4;

• Slep
T > 250 GeV, where Slep

T is defined as the scalar sum of the missing transverse
energy, ET/ , and the pT of the charged lepton.

After preselection, the sample is dominated by single-lepton tt̄ events. This background is
reduced by applying a further requirement on the azimuthal angle between the W candidate
and the charged lepton. The W candidate transverse momentum is obtained as the vectorial
sum of the transverse momentum of the charged lepton, and the missing transverse energy,
ET/ , which is calculated including all particle flow objects [32]. As discussed in [11], leptons
that arise from W decays have a small angle with respect to the W candidate, whereas in SUSY
decays the lepton is almost uncorrelated with the ET/ and thus with the resulting W candidate.
Therefore, Df(W, `) < 1 is selected as the control region and Df(W, `) > 1 is defined as the
signal region for the search. A transfer factor RCS is determined, either from simulation or from
data, which is defined as follows:

RCS =
Nsignal

Ncontrol
=

Number of events with Df(W, `) > 1
Number of events with Df(W, `) < 1

. (1)

Once RCS is known, the number of SM events in the signal region in the data can be estimated
from the number of data events in the control region:

Npred
SM (Df(W, `) > 1) = RCS · Ndata(Df(W, `) < 1). (2)

The dominant background in the signal region is di-leptonic tt̄. The search is performed in bins
of b-tag multiplicity and of Slep

T .

The effect of the increased pileup on the search has been studied in detail for this analysis using
the Phase I detector configuration, for two different pileup scenarios, with zero and 140 pileup
events. It has been found that the background estimation method will work also under harsh
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Figure 4: Example of the gluino-induced stop quark production mechanism.

The preselection of events is based on the reconstruction of an isolated lepton (electron or
muon) and multiple jets. The selection criteria are as follows:

• An isolated electron (muon) with pT > 20 GeV and |h| < 2.5 (2.1);
• Veto of additional leptons (electrons or muons) with pT > 15 GeV and |h| < 2.5;
• At least six jets with pT > 40 GeV and |h| < 2.4;
• At least one of the jets identified as originating from a b-quark;
• HT > 500 GeV, where HT is the scalar sum of the pT of all jets in the event with

pT > 40 GeV and |h| < 2.4;

• Slep
T > 250 GeV, where Slep

T is defined as the scalar sum of the missing transverse
energy, ET/ , and the pT of the charged lepton.

After preselection, the sample is dominated by single-lepton tt̄ events. This background is
reduced by applying a further requirement on the azimuthal angle between the W candidate
and the charged lepton. The W candidate transverse momentum is obtained as the vectorial
sum of the transverse momentum of the charged lepton, and the missing transverse energy,
ET/ , which is calculated including all particle flow objects [32]. As discussed in [11], leptons
that arise from W decays have a small angle with respect to the W candidate, whereas in SUSY
decays the lepton is almost uncorrelated with the ET/ and thus with the resulting W candidate.
Therefore, Df(W, `) < 1 is selected as the control region and Df(W, `) > 1 is defined as the
signal region for the search. A transfer factor RCS is determined, either from simulation or from
data, which is defined as follows:

RCS =
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=

Number of events with Df(W, `) > 1
Number of events with Df(W, `) < 1

. (1)

Once RCS is known, the number of SM events in the signal region in the data can be estimated
from the number of data events in the control region:

Npred
SM (Df(W, `) > 1) = RCS · Ndata(Df(W, `) < 1). (2)

The dominant background in the signal region is di-leptonic tt̄. The search is performed in bins
of b-tag multiplicity and of Slep

T .

The effect of the increased pileup on the search has been studied in detail for this analysis using
the Phase I detector configuration, for two different pileup scenarios, with zero and 140 pileup
events. It has been found that the background estimation method will work also under harsh
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LepPti) bins with different b-tagged jets�

Single Lepton + b-tagged jets final state 

CMS-PAS-FTR-13-014 (ECFA 2013) 
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Strongly produced SUSY: Gluino Searches 
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Figure 5: The projected 5s discovery reach for a simplified model describing gluino production,
with each gluino decaying to a tt̄ pair and an LSP, for 300 fb�1 (dashed curves) and 3000 fb�1

(solid curves). The discovery reach is shown for hPUi = 0 (black) and hPUi = 140 (magenda).

those of events with larger b-tag multiplicities. To correct for any residual dependencies, we
assign correction factors (kCS) from simulation. The uncertainty of these factors is of the order
of 30% and mainly caused by the limited statistics of the Delphes samples.

Figure 5 illustrates the 5s discovery potential for a center-of-mass energy
p

s = 14 TeV and
an integrated luminosity of 300 fb�1 and 3000 fb�1. The discovery range of gluinos can be
enhanced by 300 GeV for from 300 fb�1 to 3000 fb�1 up to 2.2 TeV, for a c0

1 with mass of up to
1.2 TeV. The mass reach is mitigated due to pileup by about 100 GeV.

5 EWKino search with final states including three leptons and

missing transverse energy

Searches for the direct electroweak production of SUSY particles are challenging at the LHC
due to its low production cross section and low hadronic activities in the event. The mass reach
for weakly-produced SUSY particles is generally weaker than that for the strongly-produced
SUSY particles; however, the large integrated luminosity expected from HL-LHC would allow
extending our sensitivity to weakly-produced SUSY particles significantly. In this section, fu-
ture sensitivities of the analysis designed to discover the direct production of charginos (c±

1 )
and neutralinos (c0

2), that decay via a W and Z boson, are presented based on a CMS 8 TeV
search [12]. Depending on the actual flavor structure of the c0

2, the concurrent c0
2 decay mode

can also be c0
2 ! Hc0

1. However, as a baseline for this study we assume the simplified model
presented in Fig. 6 with Br(c0

2 ! Zc0
1) = 100%. In order to reduce the background as efficiently

as possible, we concentrate on the decays where both bosons decay leptonically, leading to a
final state with three leptons.

We select muons and electrons with a transverse momentum of at least pT > 10 GeV. The
leading lepton is required to have pT > 20 GeV, corresponding to the trigger thresholds in

Ø  The uncertainty on the total SM 
background assumed to be 30 %�

8 4 Search for gluinos decaying to top quarks and neutralinos in the single lepton final state

Table 1: Event yields for the combined electron and muon channels, as expected from simu-
lation for Njet � 6 and Nb � 4 for the Phase II Conf3 detector configuration. For the sample
names, V is used to denote W bosons, Z bosons, and photons. The column ”RCS” lists the ratio
of yields in the signal (Df(W, `) > 1) region to those in the control (Df(W, `) < 1) region.
The yields for an exemplary signal point are shown for comparison, with the gluino and LSP
masses (in GeV) listed in brackets. The uncertainties are statistical only.

Slep
T region sample Nsignal Ncontrol RCS

tt̄ 16.7±4.5 227.4±19.1 0.073095
tt̄V 0.8±0.2 18.1±4.4 0.047

450  Slep
T < 550 GeV single top 0.0±0.0 1.2±0.5 0.038

V + jets 0.0±0.0 0.0±0.0 0.000
SM all 17.5±4.5 246.7±19.6 0.071

signal(2000,300) 6.3±1.0 3.3±0.7 1.909
tt̄ 4.4±1.4 76.8±9.8 0.057

tt̄V 0.4±0.1 3.7±0.6 0.109
550  Slep

T < 650 GeV single top 0.0±0.0 0.2±0.1 0.211
V + jets 0.0±0.0 1.6±1.6 0.000
SM all 4.8±1.4 82.3±9.9 0.059

signal(2000,300) 5.1±0.9 3.8±0.8 1.360
tt̄ 0.8±0.2 29.1±5.1 0.027

tt̄V 0.1±0.0 1.6±0.4 0.055
650  Slep

T < 750 GeV single top 0.0±0.0 0.3±0.1 0.000
V + jets 0.0±0.0 0.0±0.0 0.000
SM all 0.9±0.2 31.1±5.1 0.028

signal(2000,300) 7.3±1.1 3.9±0.8 1.885
tt̄ 1.5±0.4 15.5±2.8 0.095

tt̄V 0.2±0.1 1.0±0.3 0.162
Slep

T � 750 GeV single top 0.0±0.0 0.1±0.0 0.050
V + jets 0.0±0.0 2.5±1.6 0.000
SM all 1.6±0.4 19.1±3.3 0.086

signal(2000,300) 31.6±2.2 17.6±1.6 1.803

pileup conditions, and the analysis strategy can stay the same. The search regions in Slep
T and

Nb are tighter than in the 8 TeV analysis and defined as follows:

• Slep
T : [450, 550), [550, 650), [650, 750), and � 750 GeV

• Nb: =3, �4

Table 1 shows the event yields expected from simulation for the Phase II Conf3 detector con-
figuration in the signal and control regions for events with Nb � 4, in different Slep

T bins. An
important ingredient of this analysis is the extended use of data for the estimation of the SM
background in the signal region.

The transfer factor RCS has been checked to be roughly independent of the b-jet multiplicity,
and is calculated for events with Nb = 2. This adaptation comes with the advantage of a much
smaller W + jets contamination, when compared to RCS extraction for events with Nb = 1 (as
done for the 8 TeV analysis), and has the added value of the kinematics being more similar to

Search regions: �

o  The mass reach is reduced due to 
pileup by about ~ 100 GeV �
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Strongly produced SUSY: Squark and gluino Searches 

Signal topology of such events: �
•  Many jets, no leptons�
•  Large missing energy (ET

Miss) �
•  Use of Meff and ET

Miss/√HT�
The selection of events based on: �
�
�
�
�
�
�
�
�
�
�
The uncertainty on the total SM background is assumed to be 10%. �
�
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Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃0

1 with 100% branching ratio and the squark is
assumed to decay into q�̃0

1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

Emiss
T +

P |pjet
T |, Emiss

T /me↵ and Emiss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on Emiss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and Emiss

T /
p

HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with Emiss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,

12

Table 7: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 for the squark and gluino
signal regions. The 2j, 3j and 4jl regions, targetting squark pair production, have two cuts on me↵ . The
first is designed for scenarios where the gluino is decoupled, the other for the case in which the gluino
mass is 4.5 TeV.

Selection Channel
2jl 2jm 3j 4jl 4jm 4jt 5j 6jl 6jm 6jt

pT( j1) [GeV] > 160

Njets(pT > 60 [GeV]) � 2 3 4 5 6

Emiss
T [GeV] > 160

��(jet, Emiss
T )min [rad] > 0.4 ( j1, j2, j3), 0.2 (all pT > 40 GeV jets)

hµi = 60, 300 fb�1 scenario

Emiss
T /me↵ > – – 0.3 0.40 0.25 – 0.20 0.30 0.15 0.20

Emiss
T /

p
HT [GeV1/2] > 8 15 – – – 10 – – – –

me↵ [GeV] > 3600 3100, 4300 3600, 3000 3000, 2200 3200 3400 3000 2800 3400 3400

hµi = 140, 3000 fb�1 scenario

Emiss
T /me↵ > – – 0.3 0.35 0.25 – 0.25 0.25 0.35 0.15

Emiss
T /

p
HT [GeV1/2] > 8 15 – – – 10 – – – –

me↵ [GeV] > 4500, 5000 4500, 4900 4000 4000, 3800 4000 4500 4000 3400 3500 5000

assuming a massless �̃0
1. Depending on the gluino mass, �̃0

1 up to 1100 GeV (1500 GeV) can be excluded
for the 300 fb�1 (3000 fb�1) luminosity scenario. Such exclusion limits would extend well beyond the
existing limits already set by ATLAS.

For squark-pair production two scenarios have been studied. In the first scenario, the squarks are
completely decoupled from the gluino. In the second scenario, the gluino mass is set to mg̃ = 4.5 TeV,
which is above the expected HL-LHC exclusion reach. Here, t-channel gluino exchange processes con-
tribute and the production cross-section for heavy squarks is largely increased. The di↵erence in selection
e�ciencies for these scenarios is found to be < 30% for the relevant signal regions. Since this di↵erence
has only a very small e↵ect on the estimated limits, the same selection e�ciencies are used for both
scenarios.

If the gluino is extremly heavy (decoupled) squarks can be excluded up to a mass of about 2000 GeV
for light neutralinos and 3000 fb�1 integrated luminosity. The limit is reduced to 1850 GeV if the inte-
grated luminosity is 300 fb�1. In this scenario, squarks can be discovered up to 1400 GeV with 3000 fb�1.

If the gluino is lighter, the squark reach is increased. For squark-pair production in the case where
mg̃ = 4.5 TeV, squarks can be discovered up to a mass of 2400 GeV for 300 fb�1 and 3100 GeV for
3000 fb�1. Here, the exclusion reach for squarks reaches 3100 GeV for 300 fb�1 and 3500 GeV for
3000 fb�1 for very light neutralinos.

5 Search for bottom squark pair production

General arguments require the supersymmetric partners of the third generation quarks to be light in order
for supersymmetry to solve the hierarchy problem. A search for bottom squark pair production, with

15
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existing limits already set by ATLAS.

For squark-pair production two scenarios have been studied. In the first scenario, the squarks are
completely decoupled from the gluino. In the second scenario, the gluino mass is set to mg̃ = 4.5 TeV,
which is above the expected HL-LHC exclusion reach. Here, t-channel gluino exchange processes con-
tribute and the production cross-section for heavy squarks is largely increased. The di↵erence in selection
e�ciencies for these scenarios is found to be < 30% for the relevant signal regions. Since this di↵erence
has only a very small e↵ect on the estimated limits, the same selection e�ciencies are used for both
scenarios.

If the gluino is extremly heavy (decoupled) squarks can be excluded up to a mass of about 2000 GeV
for light neutralinos and 3000 fb�1 integrated luminosity. The limit is reduced to 1850 GeV if the inte-
grated luminosity is 300 fb�1. In this scenario, squarks can be discovered up to 1400 GeV with 3000 fb�1.

If the gluino is lighter, the squark reach is increased. For squark-pair production in the case where
mg̃ = 4.5 TeV, squarks can be discovered up to a mass of 2400 GeV for 300 fb�1 and 3100 GeV for
3000 fb�1. Here, the exclusion reach for squarks reaches 3100 GeV for 300 fb�1 and 3500 GeV for
3000 fb�1 for very light neutralinos.

5 Search for bottom squark pair production

General arguments require the supersymmetric partners of the third generation quarks to be light in order
for supersymmetry to solve the hierarchy problem. A search for bottom squark pair production, with
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Figure 7: Distributions in me↵ for two benchmark signals models - one with mg̃ = 1950 GeV and m�̃0
1
= 1

GeV, the other with mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. The signal regions shown are 4jl (top) and 6jt

(bottom) for 300 fb�1 (left) and 3000 fb�1 (right). All selection cuts are applied besides those on me↵ .
The arrows indicate the final cuts on me↵ for the chosen signal regions.
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uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,

12

q̃

q̃
p

p

�̃0
1

q

�̃0
1

q

g̃

g̃
p

p

�̃0
1

q

q

�̃0
1

q

q

Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃0

1 with 100% branching ratio and the squark is
assumed to decay into q�̃0

1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

Emiss
T +

P |pjet
T |, Emiss

T /me↵ and Emiss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on Emiss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and Emiss

T /
p

HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with Emiss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,

12

q̃

q̃
p

p

�̃0
1

q

�̃0
1

q

g̃

g̃
p

p

�̃0
1

q

q

�̃0
1

q

q

Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃0

1 with 100% branching ratio and the squark is
assumed to decay into q�̃0

1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

Emiss
T +

P |pjet
T |, Emiss

T /me↵ and Emiss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on Emiss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and Emiss

T /
p

HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with Emiss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,

12

q̃

q̃
p

p

�̃0
1

q

�̃0
1

q

g̃

g̃
p

p

�̃0
1

q

q

�̃0
1

q

q

Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃0

1 with 100% branching ratio and the squark is
assumed to decay into q�̃0

1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

Emiss
T +

P |pjet
T |, Emiss

T /me↵ and Emiss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on Emiss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and Emiss

T /
p

HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with Emiss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,

12

, , 



Altan Cakir  |  Prospect of New Physics Searches using HL-LHC | Fermilab 2014  |  Page 14 

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
10

03
Ju

ly
20

14

ATLAS NOTE
ATL-PHYS-PUB-2014-010

July 3, 2014

Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Strongly produced SUSY: Squark and gluino Searches 

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
v
e

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

6
10

710

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
2 jets, E

GeV > 15 TH/
miss
TE

 = 60〉µ〈, 
-1

L dt = 300 fb∫
) = 900

0

1
χ∼) = 1050, m(q

~
m(

) = 1
0

1
χ∼) = 2250, m(q

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(a) 2jm, 300 fb�1

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
v
e

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

6
10

710

8
10

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
2 jets, E

GeV > 15 TH/
miss
TE

 = 140〉µ〈, 
-1

L dt = 3000 fb∫
) = 900

0

1
χ∼) = 1050, m(q

~
m(

) = 1
0

1
χ∼) = 2250, m(q

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(b) 2jm, 3000 fb�1

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
v
e

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
4 jets, E

 > 0.4 eff/m
miss
TE

 = 60〉µ〈, 
-1

L dt = 300 fb∫
) = 900

0

1
χ∼) = 1050, m(q

~
m(

) = 1
0

1
χ∼) = 2250, m(q

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(c) 4jl, 300 fb�1

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
v
e

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

6
10

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
4 jets, E

 > 0.35 eff/m
miss
TE

 = 140〉µ〈, 
-1

L dt = 3000 fb∫
) = 900

0

1
χ∼) = 1050, m(q

~
m(

) = 1
0

1
χ∼) = 2250, m(q

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(d) 4jl, 3000 fb�1

Figure 8: Distributions in me↵ for two benchmark signals models where the gluino mass is set to 4.5 TeV
- one with mq̃ = 1050 GeV and m�̃0

1
= 900 GeV, the other with mq̃ = 2250 GeV and m�̃0

1
= 1 GeV.

The signal regions shown are 2jm (top) and 4jl (bottom) for 300 fb�1 (left) and 3000 fb�1 (right). All
selection cuts are applied besides those on me↵ . The arrows indicate the final cuts on me↵ for the chosen
signal regions.
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Ø  For squark-pair production two scenarios have been taken into account in this analysis: �
•  The squarks are completely decoupled from gluino �
•  The gluino mass is set to 4.5 TeV, which is above the expected HL-LHC �

Ø  The difference in selection efficiencies for these scenarios is found to be <30 %. �
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Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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Figure 9: Expected 95% CL exclusion contours (dashed) and 5� discovery contours (solid) for Lint =

300fb�1 (black) and 3000fb�1 (red) for gluino and squark pair-production. For squark pair-production,
the gluino mass is either (b) decoupled or (c) set to 4.5 TeV. The bands reflect the 1� uncertainty on the
production cross-section. The stepping along the diagonal in the top left figure is a non-physical e↵ect
caused by the granularity of the grid.
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Detector.
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Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Strongly produced SUSY: Squark and gluino Searches 
ATLAS-PHYS-PUB-2013-007 (Snowmass 2013) 
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Figure 13: Discovery reach and 95% CL limits in a simplified squark–gluino model with a massless
neutralino. The color scale shows the

p
s = 14 TeV NLO cross-section. The solid (dashed) lines show

the 5� discovery reach (95% CL exclusion limit) with 300 fb�1 and with 3000 fb�1, respectively.

The statistical analysis is performed by a likelihood fit of templates of these distributions, using
background plus varying amounts of signal, to the simulated data. The HT and mtt̄ distribu-
tions and the resulting limits as a function of the gKK pole mass for the dilepton and lepton+jets
channel are shown in Fig. 14 and Fig. 15, respectively.

The 95% CL expected limits in the absence of signal, using statistical errors only, are shown
in Table 6. The increase of a factor of ten in integrated luminosity, from 300 to 3000 fb�1 raises
the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

model 300 fb�1 1000 fb�1 3000 fb�1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)
Z0topcolor 3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 6: Summary of the expected limits for gKK ! tt̄ and Z0topcolor ! tt̄ searches in the lepton+jets
(dilepton) channel for pp collisions at

p
s = 14 TeV. All limits are quoted in TeV.

7.2 Searches for Dilepton Resonances

For studies of the sensitivity to a Z0 boson [21], the dielectron and dimuon channels are con-
sidered separately since their momentum resolutions scale di↵erently with pT and the detector
acceptances are di↵erent. The background is dominated by the SM Drell-Yan production, while
tt̄ and diboson backgrounds are substantially smaller. Therefore, only the Drell-Yan background
is considered in this study. There is an additional background from non-prompt electrons due
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the missing ET significance and the e↵ective mass are shown for the representative points in
Fig. 12.
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Figure 12: Distribution of missing ET significance for SM backgrounds and two example SUSY bench-
mark points, normalized to 3000 fb�1(left), and distributions of the e↵ective mass (right), also normalized
to 3000 fb�1. The events shown in the e↵ective mass distribution have passed the missing ET signifi-
cance 15 GeV1/2 requirement, the lepton veto, and the jet multiplicity requirement (at least 4 jets with
pT > 60 GeV).

The simple cut requirements on HT , Me↵ and the Emiss
T significance are re-optimized for

the high-luminosity dataset of 3000 fb�1. An increase in integrated luminosity from 300 to
3000 fb�1 results in a 400 GeV increase in the discovery reach, as shown in Fig. 13.

7 Searches for Exotic Particles and Interactions

The HL-LHC substantially increases the potential for the discovery of exotic new phenomena.
The range of possible phenomena is quite large. In this section we discuss two benchmark
exotic models of BSM physics and the expected gain in sensitivity from the order of magnitude
increase in integrated luminosity provided by the HL-LHC.

7.1 Searches for tt̄ Resonances

Strongly- and weakly-produced tt̄ resonances provide benchmarks not only for cascade decays
containing leptons, jets (including b-quark jets) and Emiss

T , but also the opportunity to study
highly boosted topologies. The sensitivity to the Kaluza-Klein gluon (gKK) via the process
pp ! gKK ! tt̄ and a heavy Z0 decaying to tt̄ at the HL-LHC is studied in both the dilepton
and the lepton+jets decay modes of the tt̄ pair [21].

The two tt̄ decay modes are complementary in that the lepton+jets mode allows a more
complete reconstruction of the tt̄ invariant mass, but su↵ers from more background, whereas the
dilepton channel benefits from a smaller background contribution, but a more di�cult recon-
struction of the tt̄ invariant mass. In addition, in the case of boosted tt̄ pairs, the dilepton decay
mode is less a↵ected by the merging of top quark decay products since the leptons are easier to
identify close to a b�jet than are jets from the W decay. The lepton+jets mode therefore uses
the reconstructed tt̄ invariant mass distribution, while the dilepton mode uses the distribution
of the scalar sum, HT , of the ET of the two leading leptons, two leading jets, and missing ET .
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7 Searches for Exotic Particles and Interactions

The HL-LHC substantially increases the potential for the discovery of exotic new phenomena.
The range of possible phenomena is quite large. In this section we discuss two benchmark
exotic models of BSM physics and the expected gain in sensitivity from the order of magnitude
increase in integrated luminosity provided by the HL-LHC.

7.1 Searches for tt̄ Resonances

Strongly- and weakly-produced tt̄ resonances provide benchmarks not only for cascade decays
containing leptons, jets (including b-quark jets) and Emiss

T , but also the opportunity to study
highly boosted topologies. The sensitivity to the Kaluza-Klein gluon (gKK) via the process
pp ! gKK ! tt̄ and a heavy Z0 decaying to tt̄ at the HL-LHC is studied in both the dilepton
and the lepton+jets decay modes of the tt̄ pair [21].

The two tt̄ decay modes are complementary in that the lepton+jets mode allows a more
complete reconstruction of the tt̄ invariant mass, but su↵ers from more background, whereas the
dilepton channel benefits from a smaller background contribution, but a more di�cult recon-
struction of the tt̄ invariant mass. In addition, in the case of boosted tt̄ pairs, the dilepton decay
mode is less a↵ected by the merging of top quark decay products since the leptons are easier to
identify close to a b�jet than are jets from the W decay. The lepton+jets mode therefore uses
the reconstructed tt̄ invariant mass distribution, while the dilepton mode uses the distribution
of the scalar sum, HT , of the ET of the two leading leptons, two leading jets, and missing ET .

17

discovery reach (for mLSP = 0) when going from 
300 fb-1 to 3000 fb-1  

�
�



Altan Cakir  |  Prospect of New Physics Searches using HL-LHC | Fermilab 2014  |  Page 17 

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
10

03
Ju

ly
20

14

ATLAS NOTE
ATL-PHYS-PUB-2014-010

July 3, 2014

Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract
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is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
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Strongly produced SUSY: Gluino Searches 
CMS-PAS-FTR-13-014 (ECFA 2013) 

Signal topology of such events: �
•  Many jets, no leptons�
•  Use of               and �

3

vertices, and all particles from both the pileup and primary interactions are included in the
object reconstruction. For pileup interactions with a larger z-vertex difference to the primary
vertex, the subtraction of charged pileup particles within the tracker volume is applied with
an efficiency of unity. The FastJet area method [15] is applied to correct measurements of jets
and energy in the calorimeters for the contribution from neutral pileup particles and charged
pileup particles outside the tracker acceptance.

About 10 to 100 million events per background process are produced with MADGRAPH5 [16],
including up to four extra partons from initial and final state radiation, matched to PYTHIA6
for fragmentation and hadronization. The background cross section is normalized to next-to-
leading order (NLO) in the background production process, which is based on the work in
preparation for the Snowmass summer study 2013 and discussed in more detail in Refs. [17–
19]. While we studied all the major sources of background events, not all background processes
with low cross sections that might become relevant at 3000 fb�1 are included in these prelimi-
nary studies.

The VBF signal is produced with MADGRAPH5. The other signal samples are generated with
PYTHIA6 and passed through the Delphes simulation. For PYTHIA6 the tune Z2⇤ [20] is always
used. The signal cross sections are calculated at LO for the VBF DM production and to NLO
with Prospino2 [21, 22] for the other signal models.

In addition, a few SM processes are produced with a GEANT4 [23] based ”full simulation” to
validate the Delphes simulation.

3 Search for SUSY in final states with jets and missing hadronic

energy

This search targets R-parity conserving SUSY scenarios, where heavy colored particles are pro-
duced, relying on the assumption that long decay chains lead to signatures with multiple jets
and large missing transverse momentum. Several searches were performed by the CMS Col-
laboration based on data taken at 7 and 8 TeV [24–26], also exploiting search variables such as
aT [27–29], Razor [30], and MT2 [31].

The signal considered in this study is gluino pair production, in which each gluino decays to
two jets and the LSP as shown in Fig. 1.

P1

P2

g̃

g̃

q̄

q

�̃0
1

�̃0
1

q̄

q

Figure 1: Diagram of gluino-gluino production in which each gluino decays to two jets and the
LSP.

The signal is expected to lead to a large amount of hadronic energy HT = Âjets pT for jets with
pT > 50 GeV and |h| < 2.5, in conjunction with missing hadronic transverse energy which is
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The signal is expected to lead to a large amount of hadronic energy HT = Âjets pT for jets with
pT > 50 GeV and |h| < 2.5, in conjunction with missing hadronic transverse energy which is

4 3 Search for SUSY in final states with jets and missing hadronic energy

defined as HT/ = |� Âjets ~pT| for jets with pT > 30 GeV and |h| < 5.

The SM background to this SUSY search comes mainly from three processes: Z(nn̄) + jets
events, W(`n) + jets events from W or tt̄ + jets, where at least one W boson decays leptoni-
cally (` = e, µ, or t). The W(`n) + jets events pass the search selection when the e/µ escapes
detection or a t decays hadronically. QCD multijet events also contribute to the background
when jet energy mismeasurements or leptonic decays of heavy-flavor hadrons inside jets lead
to HT/ ; however, the QCD background generally becomes negligibly small at high HT/ , so it is not
considered in this study. The contributions from other SM processes are found to be negligible
in previous studies at 8 TeV.

The baseline event selection criteria are taken from the 8 TeV analysis [26]:

• At least three jets with pT > 50 GeV and |h| < 2.5; jets are reconstructed with the
anti-kt algorithm with the distance parameter R = 0.5,

• HT > 500 GeV;
• HT/ > 200 GeV;
• |Df(Jn, ~HT/ )| > 0.5 rad for n = 1, 2 and |Df(J3, ~HT/ )| > 0.3 rad, where Df is the

azimuthal angle difference between the jet axis Jn and the ~HT/ direction for the three
highest-pT jets in the event;

• No isolated muons with pT > 10 GeV and |h| < 2.4 or electrons with pT > 10 GeV
and |h| < 2.5.

Events passing the baseline selection are considered for the search. The most recent search by
CMS with this search strategy [26] divides these events further into several exclusive search
regions defined according to the jet multiplicity (njets), HT, and HT/ . In this projection study, for
simplicity, we use several inclusive search regions defined by jet multiplicity, HT, and HT/ . The
signal events considered here have four jets at tree level; however, they are often observed to
have > 4 jets to due QCD initial- and final-state radiation. The search selection with njets � 6
tends to give a stronger sensitivity compared to the search selection with njets � 4 and njets � 5,
as the higher jet multiplicity selection reduces the number of background events more than
signal events. We assumed the 30% uncertainty on the background prediction, based on the
typical background uncertainty in the recent CMS analysis [26]. The search selection for the
300 fb�1 scenario is listed in the following:

• Search region 1: njets � 6, HT > 2100 GeV, and HT/ > 700 GeV. This search region is
sensitive to high gluino mass points.

• Search region 2: njets � 6, HT > 1100 GeV, and HT/ > 600 GeV. This one is sensitive
to high LSP masses.

• Search region 3: njets � 6, HT > 1600 GeV, and HT/ > 700 GeV. This search region is
used to cover medium gluino and medium LSP mass signal points.

• Search region 4: njets � 6, HT > 800 GeV, and HT/ > 400 GeV. This search region is
sensitive to low gluino and low LSP mass signal points.

For the 3000 fb�1 case, the event selection consists the following search regions:

• Search region 1: njets � 6, HT > 2500 GeV, and HT/ > 1000 GeV. This search region is
sensitive to high gluino mass points.

• Search region 2: njets � 6, HT > 1600 GeV, and HT/ > 700 GeV. This one is sensitive
to high LSP masses.

Pre-selection of events based on: �
•  nJets>3 pT > 50 GeV, |η| < 2.5 �
•  Leptons veto pT>10 GeV, |η| < 2.4(2.5) �
•  HT> 500 GeV and MHT > 200 GeV �
•  HT> 500 GeV and STlep >250 GeV �
•  |Δϕ (Jets1,2, MHT)| > 0.5, �
    |Δϕ (Jets3, MHT)| > 0.3 �

Strategy: Several exclusive search regions 
defined according to nJets, HT and MHT�

nJets > 6 �
HT > 2500 GeV �
MHT > 1000 GeV �
High gluino mass�

nJets > 6 �
HT > 1600 GeV �
MHT > 700 GeV �
High LSP mass�

nJets > 6 �
HT > 2000 GeV �
MHT > 1000 GeV �
Medium gluino and 
LSP masses�

nJets > 6 �
HT > 800 GeV �
MHT > 400 GeV �
Low gluino and LSP 
masses�

SR1 � SR2 �

SR3 � SR4 �

Search regions at 3000/fb �
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Strongly produced SUSY: Gluino Searches 
CMS-PAS-FTR-13-014 (ECFA 2013) 
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Figure 2: HT (left) and HT/ (right) distributions for both signal and background for the 14 TeV,
3000 fb�1 scenario. Both plots on the top are done with the Phase I detector without pileup
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• Search region 3: njets � 6, HT > 2000 GeV, and HT/ > 1000 GeV. This search region is
used to cover medium gluino and medium LSP mass signal points.

• Search region 4: njets � 6, HT > 800 GeV, and HT/ > 400 GeV. This search region is
sensitive to low gluino and low LSP mass signal points.

• Search region 5: njets � 6, HT > 1100 GeV, and HT/ > 600 GeV. This search region is
sensitive to low gluino and high LSP mass signal points.

For each signal point, we evaluate the discovery sensitivity for all search regions, of which the
one resulting in the best sensitivity is chosen.

The HT and HT/ distributions for events passing the baseline selection of a SUSY search with jets
and ET/ are shown in Fig. 2 for the Phase I detector with mean numbers of pileup interactions,
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pileup interactions. The signal distribution is for the gluino mass and LSP mass of 2100 and
100 GeV, respectively.

• Search region 3: njets � 6, HT > 2000 GeV, and HT/ > 1000 GeV. This search region is
used to cover medium gluino and medium LSP mass signal points.

• Search region 4: njets � 6, HT > 800 GeV, and HT/ > 400 GeV. This search region is
sensitive to low gluino and low LSP mass signal points.

• Search region 5: njets � 6, HT > 1100 GeV, and HT/ > 600 GeV. This search region is
sensitive to low gluino and high LSP mass signal points.

For each signal point, we evaluate the discovery sensitivity for all search regions, of which the
one resulting in the best sensitivity is chosen.

The HT and HT/ distributions for events passing the baseline selection of a SUSY search with jets
and ET/ are shown in Fig. 2 for the Phase I detector with mean numbers of pileup interactions,
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3000 fb�1 scenario. Both plots on the top are done with the Phase I detector without pileup
interactions, while the bottom plots are done for the same detector configuration, but with 140
pileup interactions. The signal distribution is for the gluino mass and LSP mass of 2100 and
100 GeV, respectively.

• Search region 3: njets � 6, HT > 2000 GeV, and HT/ > 1000 GeV. This search region is
used to cover medium gluino and medium LSP mass signal points.

• Search region 4: njets � 6, HT > 800 GeV, and HT/ > 400 GeV. This search region is
sensitive to low gluino and low LSP mass signal points.

• Search region 5: njets � 6, HT > 1100 GeV, and HT/ > 600 GeV. This search region is
sensitive to low gluino and high LSP mass signal points.

For each signal point, we evaluate the discovery sensitivity for all search regions, of which the
one resulting in the best sensitivity is chosen.

The HT and HT/ distributions for events passing the baseline selection of a SUSY search with jets
and ET/ are shown in Fig. 2 for the Phase I detector with mean numbers of pileup interactions,
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Figure 2: HT (left) and HT/ (right) distributions for both signal and background for the 14 TeV,
3000 fb�1 scenario. Both plots on the top are done with the Phase I detector without pileup
interactions, while the bottom plots are done for the same detector configuration, but with 140
pileup interactions. The signal distribution is for the gluino mass and LSP mass of 2100 and
100 GeV, respectively.

• Search region 3: njets � 6, HT > 2000 GeV, and HT/ > 1000 GeV. This search region is
used to cover medium gluino and medium LSP mass signal points.

• Search region 4: njets � 6, HT > 800 GeV, and HT/ > 400 GeV. This search region is
sensitive to low gluino and low LSP mass signal points.

• Search region 5: njets � 6, HT > 1100 GeV, and HT/ > 600 GeV. This search region is
sensitive to low gluino and high LSP mass signal points.

For each signal point, we evaluate the discovery sensitivity for all search regions, of which the
one resulting in the best sensitivity is chosen.

The HT and HT/ distributions for events passing the baseline selection of a SUSY search with jets
and ET/ are shown in Fig. 2 for the Phase I detector with mean numbers of pileup interactions,

Ø  The uncertainty on the total SM 
background is assumed to be 30% 
based on typical CMS analysis at 8 
TeV. �

Ø  All plots are done with Phase I detector 
with (140 PU) and without pile-up 
interactions�

Ø  Benchmark signal: �

Ø  Pile-up interactions do not have a 
major impact in the search regions. 
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Figure 2: HT (left) and HT/ (right) distributions for both signal and background for the 14 TeV,
3000 fb�1 scenario. Both plots on the top are done with the Phase I detector without pileup
interactions, while the bottom plots are done for the same detector configuration, but with 140
pileup interactions. The signal distribution is for the gluino mass and LSP mass of 2100 and
100 GeV, respectively.

• Search region 3: njets � 6, HT > 2000 GeV, and HT/ > 1000 GeV. This search region is
used to cover medium gluino and medium LSP mass signal points.

• Search region 4: njets � 6, HT > 800 GeV, and HT/ > 400 GeV. This search region is
sensitive to low gluino and low LSP mass signal points.

• Search region 5: njets � 6, HT > 1100 GeV, and HT/ > 600 GeV. This search region is
sensitive to low gluino and high LSP mass signal points.

For each signal point, we evaluate the discovery sensitivity for all search regions, of which the
one resulting in the best sensitivity is chosen.

The HT and HT/ distributions for events passing the baseline selection of a SUSY search with jets
and ET/ are shown in Fig. 2 for the Phase I detector with mean numbers of pileup interactions,
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Strongly produced SUSY: Gluino Searches 
6 4 Search for gluinos decaying to top quarks and neutralinos in the single lepton final state
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Figure 3: The projected 5s discovery reaches for pair production of gluinos decaying to four
quarks and two LSPs. The blue curve is for 300 fb�1 data with the Phase I detector. The red
curve is for 3000 fb�1 with the Phase II Conf3 detector. The result is not very sensitive to differ-
ent detector and pileup scenarios, therefore only the result for one configuration is shown.

hPUi = 0 and 140, for the 3000 fb�1 scenario. The expected signals of gluino-gluino production
are also included for illustration purposes.

The HT and HT/ distributions with and without pileup interactions agree quite well with each
other, indicating that pileup interactions do not have a major impact in the search regions con-
sidered here.

The 5s discovery reach for the 3000 fb�1 and 300 fb�1 scenarios at
p

s = 14 TeV are shown in
Fig. 3. Gluino masses up to ⇠ 2.2 (1.8)TeV and LSP masses up to ⇠ 500 (400)GeV can be
discovered at 14 TeV with an integrated luminosity of 3000 (300) fb�1.

4 Search for gluinos decaying to top quarks and neutralinos in the

single lepton final state

Here we present projections on the sensitivity of the search for gluino production, where gluinos
decay preferably to third generation quarks and the LSPs, in events with one lepton (electron
or muon), large transverse missing energy, and several jets, some of which are identified as
originating from b quarks. This analysis is based on a CMS 8 TeV analysis [11] with optimized
search regions.

The relevant backgrounds in this search arise from tt̄ + jets, W/Z + jets, tt̄ + W/Z, and single-top
quark production. As signal we have chosen the topology where a pair of gluinos is produced
and each gluino decays to a pair of tt̄ quarks and a c̃0

1 as shown in Fig. 4.

The final state consists of 4 W bosons, from the decay of the top quarks, leading with high
probability to at least one lepton from one of the W decays, and to large values of missing
transverse energy.

Ø  Gluino masses up to ~ 
TeV and LSP masses up to ~ 

 GeV can be discovered at 
√s = 14 with an integrated 
luminosity of 3000 (300) fb-1. �

CMS-PAS-FTR-13-014 (ECFA 2013) 
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Third generation SUSY: direct stop searches 

Signal topology of such events: �
•  A one lepton (e, mu) based selection �
•  An all-hadronic selection, vetoing on the 

presence of leptons (e, mu) �
•  HT, ET

Miss, MT, Δϕ (lep, ETmiss), �

ATLAS-PHYS-PUB-2013-011 (ECFA 2013) 

1.6 Expected sensitivity

For the analyses discussed in this document, limits are set using a significance-like variable, referred to
as Zn [23], which takes into account the systematic uncertainties on the background. The value of Zn is
required to be larger than 5 for discovery and larger than 1.64 for 95% CL exclusion 2.

The most important sources of experimental systematic uncertainties are due to the energy resolution
and scale uncertainty of jets, leptons and Emiss

T ; b-tagging e�ciency; pile-up; and the trigger e�ciency.
For the dedicated studies at 14 TeV a coarse systematic uncertaintiy of 30% on the estimated sum of
all backgrounds is assumed, which is consistent with the uncertainties found in published searches. The
projection studies assume conservatively that the uncertainties determined for the 8 TeV analysis hold
for the HL-LHC. Theoretical uncertainties on the SUSY yields due to the choice of renormalization and
factorization scales and PDF are not considered in this study.

2 Search for direct production of top squarks

2.1 Physics Motivation

Naturalness arguments [24, 25] require the top squark to be light, with a mass typically below 1 TeV.
At
p

s = 14 TeV the direct stop pair production cross-section for 600 GeV (1 TeV) stops is 240 (10) fb.
An increase in luminosity from 300 fb�1 to 3000 fb�1 increases the sensitivity to heavy stop or, if stop
candidates are found, will allow to measure their properties. Stops can decay in a variety of modes which
typically includes top or b quarks, W/Z or Higgs bosons, and an LSP. Pair production signatures are thus
characterised by the presence of several jets, including b-jets, large missing transverse momentum and
possibly leptons.

2.2 Description of the models

Among the possible scenarios, the following model is considered in this study. The pair-produced stops
are assumed to decay to a top quark and the LSP (t̃ ! t + �̃0

1) with 100% branching ratio (Figure 2),
requiring that m(t̃) � m(�̃0

1) > m(t). The final state for such a signal is characterized by a top quark
pair produced in association with large missing transverse momentum from the undetected LSPs. The
mixing matrices for the stop and for the neutralino LSP are chosen such that the top quark produced in
the decay has a right-handed polarization in 95% of the decays. A signal grid is generated with a step
size of 100 GeV both for the stop and LSP mass values.

t̃

t̃
p

p

�̃0
1

t

�̃0
1

t

Figure 2: The Feynman diagram for the t̃ ! t + �̃0
1 simplified model studied in this note.

2One sided confidence interval.
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Figure 3: Left: the Emiss
T distribution after all other requirements have been applied in the 1-lepton

channel. Right: the Emiss
T distribution after all other requirements have been applied in the 0-lepton

analysis. The figures show the pair production of stops with a mass of 800 GeV decaying to a neutralino
of 100 GeV as a signal.

The requirements on Emiss
T and on mb

T were examined across the plane of stop and LSP masses. Table
3 shows the minimum requirements on Emiss

T and mb
T as a function of the stop mass. Numbers of events

for signal and background are shown in Table 4.
Figure 3 (right) shows the Emiss

T distribution after all other requirements have been applied, for an
assumed integrated luminosity of 3000 fb�1. The most important background is from semileptonic
tt̄ events. Backgrounds from tt̄+V (where V = W,Z) and from Z(! ⌫⌫)+jets processes are also sig-
nificant. The tt̄+V background is dominated by tt̄+Z events.

300 fb�1 3000 fb�1

mstop (GeV) Emiss
T (GeV) mb

T (GeV) Emiss
T (GeV) mb

T (GeV)
500 400 200 400 250
600 450 200 500 250
700 550 250 550 250
800 600 250 650 250
900 650 250 700 250

1000 650 300 800 400
1100 650 300 800 400
1200 650 300 900 450
1300 650 300 900 450
1400 650 300 900 450
1500 650 300 900 450

Table 3: Minimum requirements on Emiss
T and mb

T for the 0-lepton stop analysis as a function of the stop
mass, for integrated luminosities of 300 and 3000 fb�1.

2.4 Expected Sensitivity

Figure 4 shows the discovery and exclusion potential versus the t̃ and �̃0
1 masses in the two studies

together with the observed limits from the analyses of 8 TeV data [27, 28].

7
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Figure 6: The diagram for the squark (left) and gluino (right) pair production simplified models studied
in this note. The gluino is assumed to decay into qq�̃0

1 with 100% branching ratio and the squark is
assumed to decay into q�̃0

1 with 100% branching ratio.

4.2 Signal region selection

The signal region selection is similar to the selection in Ref. [22]. Jets are selected with pT > 20 GeV
and |⌘|< 4.5. Between minimal two and minimal six high pT jets are required, with no leptons present in
the event. Multiple signal regions have been optimised with requirements on the e↵ective mass me↵ =

Emiss
T +

P |pjet
T |, Emiss

T /me↵ and Emiss
T /

p
HT (where HT is defined as the scalar sum of the pT of all jets).

A summary of the signal regions is shown in Table 7. Harder selections on Emiss
T and jet pT would need

to be made to satisfy the trigger thresholds for these signal regions, however, the results are expected to
be the same due to the hard me↵ and Emiss

T /
p

HT selections.

4.3 Expected Sensitivity

Figure 7 shows the me↵ distribution in the 4-jet region with Emiss
T > 160 GeV for the Standard Model

background and two SUSY signal points; one with mg̃ = 1950 GeV and m�̃0
1
= 1 GeV, the other with

mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. For the compressed scenario, the signal distribution is similar in

shape to the background, and does not extend beyond the tail of the background at high me↵ . Compressed
signals are di�cult to detect due to this behaviour. Figure 8 shows similar distributions for two points
for squark pair production.

The number of expected events for the irreducible backgrounds and two benchmark signal points
is shown in Tables 8 and 9. As in the 8 TeV analysis, the Z+jets background is dominant, with the
contribution from the tt background increasing with jet multiplicity.

Figure 9 shows the expected exclusion and discovery contours. In the case of gluino pair production,
the production cross-section is derived for the decoupling limit. The cross-section is not altered much
if squarks are as light as a few TeV since t-channel processes are not of importance. With increasing
luminosity, discovery is expected for gluino-pair production up to mg̃ = 2000 GeV for 300 fb�1, and
mg̃ = 2350 GeV for the 3000 fb�1 luminosity scenario. Depending on the gluino mass, a �̃0

1 with
a mass up to 900 GeV (1100 GeV) can be discovered for the 300 fb�1 (3000 fb�1) luminosity scenario.
Notably, these mass ranges lie outside any current 8 TeV exclusion limits. The theoretical uncertainty on
the limit is mainly due to uncertainties in the parton-density functions and increases with gluino mass.
The theoretical uncertainty reaches about 400 GeV for gluinos with a mass of 2950 GeV. Theoretical
uncertainties on the SUSY signal are not seen to have large e↵ects on the limits for chargino-neutralino
production or sbottom pair production, however, they are seen to be important for the strong production
studied here. In the event of an absence of an excess over the Standard Model expectation, gluino masses
are expected to be excluded up to 2350 GeV (2950 GeV) for the 300 fb�1 (3000 fb�1) luminosity scenario,

12
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Third generation SUSY: direct stop searches 
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Figure 4: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. Upper:

1-lepton channel. Lower: 0-lepton channel. The observed limits from the analyses of 8 TeV data are also
shown.

3.2 Event Pre-selection

Events are selected if they contain at least three candidate leptons3 with pT larger than 10 GeV and |⌘| <
2.5 (2.4) for electrons (muons). Leptons are required to be isolated by imposing that the scalar sum of
the transverse momenta of tracks within a cone of �R = 0.3 around the lepton candidate, excluding the
lepton candidate track itself, be less than 15% of the lepton pT. All leptons are required to be separated
from each other and from candidate jets. The latter requirement is imposed to suppress the background
from semi-leptonic decays of heavy-flavor quarks. This source of background is further suppressed by
vetoing events containing a b-jet candidate.

3In the following, leptons refer to electrons and muons including those from the ⌧-lepton decays but do not include
hadronically-decaying ⌧-leptons
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Figure 5: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. The

results are shown for the combination of the 1-lepton and 0-lepton analyses. The observed limits from
the analyses of 8 TeV data are also shown.

Figure 6: The Feynman diagram for the �̃0
2�̃
±
1 simplified model studied in this note. The �̃±1 is assumed

to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio.

3.3 Signal Region Selection

Two signal regions are defined for each luminosity scenario considered, “SR1-3000” and “SR2-3000”
for the 3000 fb�1 scenario and “SR1-300” and “SR2-300” for the 300 fb�1 scenario. The regions are Z-
enriched regions to target the �̃0

2 decays via on-shell Z bosons and have ranked selections on the pT of the
three leptons of 100, 80 and 50 GeV from leading to second leading to third leading respectively. Events
are required to include at least one Z boson candidate, defined as a Same-Flavour Opposite-Sign (SFOS)
lepton pair with mass |mSFOS � mZ | < 10 GeV. The mT is constructed from the lepton not included in the
SFOS pair with invariant mass closes to the Z boson mass. Each signal region has tight mT and Emiss

T
requirements to increase sensitivity in scenarios with large mass splitting between the chargino (or �̃0

2)
and the lightest neutralino. The Emiss

T and mT distributions after the above selections and after requiring
Emiss

T > 50 GeV, are shown in Figure 7 for the 3000 fb�1 scenario. The signal regions for the 300 fb�1

and 3000 fb�1 scenarios have been optimised seperately and are described in Table 5.
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Figure 4: The 95% CL exclusion limits (dashed) and 5� discovery reach (solid) for 300 fb�1 (red) and
3000 fb�1 (black) in the t̃, �̃0

1 mass plane assuming t̃ ! t + �̃0
1 with a branching ratio of 100%. Upper:

1-lepton channel. Lower: 0-lepton channel. The observed limits from the analyses of 8 TeV data are also
shown.

3.2 Event Pre-selection

Events are selected if they contain at least three candidate leptons3 with pT larger than 10 GeV and |⌘| <
2.5 (2.4) for electrons (muons). Leptons are required to be isolated by imposing that the scalar sum of
the transverse momenta of tracks within a cone of �R = 0.3 around the lepton candidate, excluding the
lepton candidate track itself, be less than 15% of the lepton pT. All leptons are required to be separated
from each other and from candidate jets. The latter requirement is imposed to suppress the background
from semi-leptonic decays of heavy-flavor quarks. This source of background is further suppressed by
vetoing events containing a b-jet candidate.

3In the following, leptons refer to electrons and muons including those from the ⌧-lepton decays but do not include
hadronically-decaying ⌧-leptons
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Ø  Discovery and exclusion potential for the 
1-lepton and 0-lepton analyses. For LSP 
masses below ~  GeV a stop discovery 
at 5σ would be possible with 3000 fb-1 for 
stop masses up to ~  TeV �
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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:

mmax
CT =

m2(b̃) � m2(�̃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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Signal topology of such events: �
•  An all-hadronic selection with b-tagged jets, 

vetoing on the presence of leptons (e, mu) �
•  ET

Miss, MCT, Δϕ (lep, ET
Miss), mbb �
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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.
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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:
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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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Ø  The main variable used to discriminate 
the bottom squark pair signal from 
background is the boost corrected 
cotransverse mass: �

Ø  mCT is bounded by an analytical 
combination of particle masses. �

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.
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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
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5.1 Signal regions for bottom squark pair production

The 8 TeV analysis considered signal regions with mCT thresholds up to 350 GeV. Here, signal regions
with higher thresholds are considered. The remainder of the signal region definition is retained and is
summarised in Table 10. As for the 8 TeV analysis, ��min is defined as the minimum azimuthal distance,
��, between any of the three leading jets and the pmiss

T vector. The ��min > 0.4 requirement is designed
to reject QCD multijet events with large Emiss

T resulting from a mis-measured jet. In this study, the QCD
multijet background is assumed to be negligible as seen in the 8 TeV analysis using a data-driven method.
The me↵(2) variable is the scalar sum of the pT of the two leading jets and the Emiss

T .
Figure 12 shows the mCT distribution after the selection in Table 10 but before any cut on mCT. An

optimisation of the signal region was performed by scanning over various cut thresholds for the leading
jet pTs, the Emiss

T and mCT .
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Figure 12: Distribution of the mCT for 300 fb�1 for three signal points and the SM backgrounds.

Table 10: Summary of selection requirements for the bottom squark pair production signal regions.

Selection SRx

Lepton veto No e/µ with pT > 7(6) GeV for e(µ)
Emiss

T > 150 GeV
Leading jet pT( j1) > 130 GeV

Third jet pT( j3) veto if > 50 GeV
b-tagging leading 2 jets

(pT > 50 GeV, |⌘| < 2.5)
��min > 0.4

Emiss
T /me↵(2) Emiss

T /me↵(2) > 0.25
mCT > x GeV
mbb > 200 GeV

20

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
(mb̃1
,m�̃0

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

(mb̃1
,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

(mb̃1
,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 mb̃1
� 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).

21

Ø  Different mCT values have been studied 
for different signal regions. The 
systematic uncertainty for the signal 
regions have been assumed to be 30% �

Ø  Bottom squarks with masses of ~ 
GeV can be discovered with 5σ 

significance with 300(3000) fb-1. �
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Electroweak production of SUSY particles 

Ø  Searches for direct electroweak production of SUSY particles are challenging at the LHC 
due to its low production cross-section and low hadronic activities in the event�

The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.

(a) WZ-mediated

�̃±
1

�̃0
2

W

hp

p

�̃0
1

`

⌫

�̃0
1

.
..

`

`

(b) Wh-mediated (h!``)

�̃±
1

�̃0
2

W

hp

p

�̃0
1

`

⌫

�̃0
1

⌧

⌧

(c) Wh-mediated (h!⌧⌧)

Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 either as �̃0
2 ! Z(⇤) �̃0

1 or �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio.
Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all
backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated

5

WZ-mediated � Wh-mediated (hà ll) � Wh-mediated (hà ττ) �

Ø  Analyses strategies: In order to reduce the background as efficiently as possible, it is 
concentrated on the decays where all bosons (W, Z and h) decay leptonically, leading to 
a final state with three leptons. �
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Electroweak production of SUSY particles 
CMS-PAS-FTR-13-014 (ECFA 2013) 

The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.

(a) WZ-mediated

�̃±
1

�̃0
2

W

hp

p

�̃0
1

`

⌫

�̃0
1

.
..

`

`

(b) Wh-mediated (h!``)

�̃±
1

�̃0
2

W

hp

p

�̃0
1

`

⌫

�̃0
1

⌧

⌧

(c) Wh-mediated (h!⌧⌧)

Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 either as �̃0
2 ! Z(⇤) �̃0

1 or �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio.
Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all
backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated

5

Signal topology of such events: �
•  Multi-leptons�
•  The presence of a pair of leptons with same 

flavor and opposite charge (OSSF) �
•  Select the pair closest to the Z-boson and the 

remaining lepton is assigned to the W decay�
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Figure 7: The ET/ (left) and the MT distribution (right) for event with 3 leptons and a b-veto for
the Phase I detector with zero pileup (top) and 140 pileup events (bottom). In addition to the
SM predictions some possible SUSY benchmark scenarios are included.

of background has no intrinsic ET/ and is therefore suppressed by requiring large ET/ .

In Fig. 7 the ET/ and MT distributions are shown for the same detector configuration (Phase I)
with zero and 140 pileup events. The tt̄ and Drell-Yan contribution increases for the scenarios
with a mean pileup of 140 in the regions of lower ET/ and MT . This is caused by a higher fake
rate in high-pileup scenarios, and is expected to be reduced in future analyses by optimized
selection requirements, e.g. a higher lepton pT.

We choose several signal regions defined by an asymmetric binning in MT and ET/ , due to the
correlation between them. The standard model predictions for three different scenarios are
listed in Table 2. At intermediate MT and ET/ values we observe the largest pileup dependence.

As shown in Fig. 8, with 300 fb�1 we are sensitive to c±
1 and c0

2 masses up to 500 GeV for c0
1

masses up to ⇠ 150 GeV in simplified model describing chargino-neutralino production with
100% branching fraction to a W and a Z boson and LSPs. This mass range can be extended to c±

1
and c0

2 masses up to 700 GeV and c0
1 masses up to ⇠ 200 GeV for a luminosity of 3000 fb�1. As a

c0
2 ! Zc0

1 branching ratio of 100% may be an unrealistic scenario, we show here for illustration
the result for a branching ratio of 50%.
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Figure 7: The ET/ (left) and the MT distribution (right) for event with 3 leptons and a b-veto for
the Phase I detector with zero pileup (top) and 140 pileup events (bottom). In addition to the
SM predictions some possible SUSY benchmark scenarios are included.

of background has no intrinsic ET/ and is therefore suppressed by requiring large ET/ .

In Fig. 7 the ET/ and MT distributions are shown for the same detector configuration (Phase I)
with zero and 140 pileup events. The tt̄ and Drell-Yan contribution increases for the scenarios
with a mean pileup of 140 in the regions of lower ET/ and MT . This is caused by a higher fake
rate in high-pileup scenarios, and is expected to be reduced in future analyses by optimized
selection requirements, e.g. a higher lepton pT.

We choose several signal regions defined by an asymmetric binning in MT and ET/ , due to the
correlation between them. The standard model predictions for three different scenarios are
listed in Table 2. At intermediate MT and ET/ values we observe the largest pileup dependence.

As shown in Fig. 8, with 300 fb�1 we are sensitive to c±
1 and c0

2 masses up to 500 GeV for c0
1

masses up to ⇠ 150 GeV in simplified model describing chargino-neutralino production with
100% branching fraction to a W and a Z boson and LSPs. This mass range can be extended to c±

1
and c0

2 masses up to 700 GeV and c0
1 masses up to ⇠ 200 GeV for a luminosity of 3000 fb�1. As a

c0
2 ! Zc0

1 branching ratio of 100% may be an unrealistic scenario, we show here for illustration
the result for a branching ratio of 50%.
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Electroweak production of SUSY particles 
The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.
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Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 either as �̃0
2 ! Z(⇤) �̃0

1 or �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio.
Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all
backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated

5

ATLAS analysis in the same production channel: �
•  Similar strategy based on OSSF pair in the event�
•  Events with b-tagged jets are vetoed �
•  MT reconstructed from the third lepton (from W) �

ATLAS-PHYS-PUB-2014-010 (ICHEP 2014) 

by imposing that the scalar sum of the transverse momenta of tracks with pT > 1 GeV and within a cone
of �R= 0.3 around the lepton candidate, excluding the lepton candidate track itself, be less than 15% of
the lepton pT.

Leptons originating from b-quark decays have an additional suppression factor imposed of 0.0625
to describe the e↵ect of impact parameter requirements (based on full simulation studies performed at
8 TeV). The limits achieved here are not sensitive to the suppression factor being varied between one-half
and twice its nominal value, as the tt̄ background in the dominant signal regions is suppressed by other
selections. All leptons are requested to be separated from each other (leptons with �R(`, `0) < 0.1 are
discarded) and from surviving jets (leptons with �R(`, jet) < 0.4 are discarded). The latter requirement
is imposed to suppress the background from semi-leptonic decays of heavy-flavor quarks.

Events are selected with exactly three leptons and a SFOS lepton pair is required to be present
among the three leptons. Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds.
Events are required to include at least one Z boson candidate, defined as a SFOS lepton pair with mass
|mSFOS � mZ | < 10 GeV. The WZ and tt̄ samples are generated with a Emiss

T > 50 GeV filter, and so a
requirement of Emiss

T > 100 GeV is imposed after smearing. The three leptons are required to have high
pT, and large Emiss

T and mT requirements are made to define four signal regions as seen in Table 1, where
the mT is constructed from the lepton not forming the SFOS pair with invariant mass closest to the Z
boson mass.

The pT of the third leptons for the 300 fb�1 scenario is shown in Figure 3(a), where it is seen raising
the pT threshold of the leptons to 50 GeV suppresses the tt̄ and Z+jets backgrounds. The same pT
threshold is also seen to be beneficial in the 3000 fb�1 scenario. The Emiss

T distributions after the lepton
pT requiremements are applied is shown in Figure 3(b) for the 300 fb�1 scenario, where the signal is seen
to have large Emiss

T compared to the SM backgrounds.
Three signal regions are defined for the 300 fb�1 scenario: a looser region “A” optimised for dis-

covery, and two tighter regions “B” and “C” optimised for exclusion. For the 3000 fb�1 scenario, one
additional tight signal region, “D” is defined to improve the sensitivity to high mass scenarios.
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Figure 3: For the 300 fb�1 scenario, the distibution of the (a) third lepton in three-lepton events with a
SFOS lepton pair, a Z boson candidate, a b-jet veto and Emiss

T > 100 GeV and (b) Emiss
T where lepton

pT (1, 2, 3) > 50 GeV is also applied. The figure shows signal model lines for �̃±1 �̃
0
2 production with

di↵erent mass assumptions for the �̃±1 , �̃
0
2 and �̃0

1. The black arrows show the selection values for the
300 fb�1 signal regions. Spikes in the distributions are due to SM samples with relative low luminosity
and high weights.
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by imposing that the scalar sum of the transverse momenta of tracks with pT > 1 GeV and within a cone
of �R= 0.3 around the lepton candidate, excluding the lepton candidate track itself, be less than 15% of
the lepton pT.

Leptons originating from b-quark decays have an additional suppression factor imposed of 0.0625
to describe the e↵ect of impact parameter requirements (based on full simulation studies performed at
8 TeV). The limits achieved here are not sensitive to the suppression factor being varied between one-half
and twice its nominal value, as the tt̄ background in the dominant signal regions is suppressed by other
selections. All leptons are requested to be separated from each other (leptons with �R(`, `0) < 0.1 are
discarded) and from surviving jets (leptons with �R(`, jet) < 0.4 are discarded). The latter requirement
is imposed to suppress the background from semi-leptonic decays of heavy-flavor quarks.

Events are selected with exactly three leptons and a SFOS lepton pair is required to be present
among the three leptons. Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds.
Events are required to include at least one Z boson candidate, defined as a SFOS lepton pair with mass
|mSFOS � mZ | < 10 GeV. The WZ and tt̄ samples are generated with a Emiss

T > 50 GeV filter, and so a
requirement of Emiss

T > 100 GeV is imposed after smearing. The three leptons are required to have high
pT, and large Emiss

T and mT requirements are made to define four signal regions as seen in Table 1, where
the mT is constructed from the lepton not forming the SFOS pair with invariant mass closest to the Z
boson mass.

The pT of the third leptons for the 300 fb�1 scenario is shown in Figure 3(a), where it is seen raising
the pT threshold of the leptons to 50 GeV suppresses the tt̄ and Z+jets backgrounds. The same pT
threshold is also seen to be beneficial in the 3000 fb�1 scenario. The Emiss

T distributions after the lepton
pT requiremements are applied is shown in Figure 3(b) for the 300 fb�1 scenario, where the signal is seen
to have large Emiss

T compared to the SM backgrounds.
Three signal regions are defined for the 300 fb�1 scenario: a looser region “A” optimised for dis-

covery, and two tighter regions “B” and “C” optimised for exclusion. For the 3000 fb�1 scenario, one
additional tight signal region, “D” is defined to improve the sensitivity to high mass scenarios.
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Figure 3: For the 300 fb�1 scenario, the distibution of the (a) third lepton in three-lepton events with a
SFOS lepton pair, a Z boson candidate, a b-jet veto and Emiss

T > 100 GeV and (b) Emiss
T where lepton

pT (1, 2, 3) > 50 GeV is also applied. The figure shows signal model lines for �̃±1 �̃
0
2 production with

di↵erent mass assumptions for the �̃±1 , �̃
0
2 and �̃0

1. The black arrows show the selection values for the
300 fb�1 signal regions. Spikes in the distributions are due to SM samples with relative low luminosity
and high weights.
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Electroweak production of SUSY particles 

12 6 Dark matter search in vector boson fusion processes

Table 2: Standard model background predictions for the different scenarios at 3000 fb�1.

Phase I Phase I Phase II Conf3
Selection in GeV hPUi=0 hPUi=140 hPUi=140

yield ± uncert. yield ± uncert. yield ± uncert.
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Figure 8: 5s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).
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Figure 8: 5s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).

6 Dark matter search in vector boson fusion processes

Vector boson fusion processes [5, 6] at the LHC provide a unique opportunity to search for new
physics with electroweak couplings [33–35]. In this section, studies on detecting supersymmet-
ric dark matter produced directly at HL-LHC in VBF processes are reported. Here we consider
a model in which the lightest neutralino c̃0

1 is the LSP, a viable candidate of DM. The c̃0
1 and c̃±

1
are mainly Wino and nearly mass-degenerate, so that both c̃0

1 and c̃±
1 are invisible in the detec-

tor. These c̃0
1 or c̃±

1 could be produced directly at the LHC through VBF processes as shown in

5σ discovery reach for the direct production of 
charginos and neutralinos, that decay to 100% (and 
50%) via W and Z boson. �
Gain of ~300 GeV in chargino/neutralino mass discovery 
reach when going from 300 fb-1 to 3000 fb-1.  �

12 6 Dark matter search in vector boson fusion processes

Table 2: Standard model background predictions for the different scenarios at 3000 fb�1.

Phase I Phase I Phase II Conf3
Selection in GeV hPUi=0 hPUi=140 hPUi=140

yield ± uncert. yield ± uncert. yield ± uncert.
0 <MT < 120 0 <ET/ < 60 (7.3 ± 0.7)⇥105 (8.0 ± 1.2)⇥ 105 (9.3 ± 1.2)⇥ 105

0 <MT < 120 60 <ET/ < 120 (1.8 ± 0.2)⇥105 (8.4 ± 1.2)⇥ 105 (9.3 ± 1.1)⇥ 105

0 <MT < 120 120 <ET/ < • (5.6 ± 0.8)⇥104 (3.3 ± 0.7)⇥ 105 (3.3 ± 0.7)⇥ 105

120 <MT < 200 0 <ET/ < 120 (7.9 ± 0.8)⇥103 (7.7 ± 0.7)⇥ 104 (8.2 ± 0.7)⇥ 104

120 <MT < 200 120 <ET/ < 200 (1.2 ± 0.2)⇥103 (4.0 ± 0.7)⇥ 104 (4.3 ± 0.7)⇥ 104

120 <MT < 200 200 <ET/ < • 359 ± 84 (5.7 ± 2.3)⇥ 103 (4.8 ± 2.1)⇥ 103

200 <MT < 400 0 <ET/ < 200 (2.3 ± 0.2)⇥103 (1.5 ± 0.2)⇥ 104 (1.5 ± 0.2)⇥ 104

200 <MT < 400 200 <ET/ < 400 303 ± 52 (1.6 ± 0.5)⇥ 103 (1.4 ± 0.5)⇥ 103

200 <MT < 400 400 <ET/ < • 24 ± 4 69 ± 35 39 ± 12
400 <MT < 700 0 <ET/ < 300 249 ± 24 395 ± 58 390 ± 42
400 <MT < 700 300 <ET/ < 700 67 ± 13 95 ± 19 100 ± 24
400 <MT < 700 700 <ET/ < • 1.1 ± 0.4 1.3 ± 0.5 1.4 ± 0.4
700 <MT < • 0 <ET/ < 400 30 ± 3 27 ± 3 27 ± 3
700 <MT < • 400 <ET/ < 900 32 ± 5 31 ± 5 30 ± 5
700 <MT < • 900 <ET/ < • 1.4 ± 0.4 1.5 ± 0.5 1.2 ± 0.4

  (GeV)0
2
χ∼

=m±

1
χ∼

m
100 200 300 400 500 600 700 800 900 1000

  (
G

eV
)

0 1χ∼
m

0

100

200

300

400

500

600

700
 Discoveryσ       Expected 5

)=100%0
1
χ∼ Z → 0

2
χ∼Br(

-1Phase I,            <PU>=0,     L=300 fb
-1Phase I,            <PU>=0,     L=3000 fb
-1Phase II Conf3, <PU>=140, L=3000 fb

±

1
χ∼ 0

2
χ∼ → pp

0
1
χ∼ Z → 0

2
χ∼

0
1
χ∼ W → ±

1
χ∼

 = 14 TeVsCMS Simulation        

  (GeV)0
2
χ∼

=m±

1
χ∼

m
100 200 300 400 500 600 700 800 900 1000

  (
G

eV
)

0 1χ∼
m

0

100

200

300

400

500

600

700
 Discoveryσ       Expected 5

)=50%0
1
χ∼ Z → 0

2
χ∼Br(

-1Phase I,            <PU>=0,     L=300 fb
-1Phase I,            <PU>=0,     L=3000 fb
-1Phase II Conf3, <PU>=140, L=3000 fb

±

1
χ∼ 0

2
χ∼ → pp

0
1
χ∼ Z → 0

2
χ∼

0
1
χ∼ W → ±

1
χ∼

 = 14 TeVsCMS Simulation        

Figure 8: 5s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).
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Figure 8: 5s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).
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à 100% BR 

à 50% BR 

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 Emiss

T > 50 GeV filter, and so a requirement of Emiss
T > 100 GeV is imposed after

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

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Electroweak production of SUSY particles 
ATLAS-PHYS-PUB-2014-010 (ICHEP 2014) 

Signal topology of Wh-mediated channel: �
•  Multi-leptons: 3-leptons with and without taus�
•  The presence of a pair of OSSF leptons and veto 

them for WZ contribution �
•  Veto b-tagged jets for ttH avd ttV contributions�

The final states can contain three leptons/taus and missing transverse momentum as shown in Figure 2.
It should be noted that the WZ-mediated scenario with 100% branching fraction is not realistic for large
m�̃0

2
�m�̃0

1
> mh, however, the limits would fall somewhere between those achieved for the WZ-mediated

and Wh-mediated scenarios for the same production cross-section.
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(c) Wh-mediated (h!⌧⌧)

Figure 2: The diagrams for the two �̃0
2�̃
±
1 simplified models studied in this note. The �̃±1 is assumed to

decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 either as �̃0
2 ! Z(⇤) �̃0

1 or �̃0
2 ! h(⇤) �̃0

1 with 100% branching ratio.
Two final states are studied for the Wh-mediated scenario: 3` and 1`2⌧. The dots in (b) depict possible
additional decay products of the lightest Higgs boson decaying via intermediate ⌧⌧, WW or ZZ states.

Two final states are considered for the �̃±1 �̃
0
2 simplified models studied in this note,

Three leptons (3`): where leptons (`) refers to electrons and muons including those from the ⌧-lepton
decays but do not include hadronically-decaying ⌧-leptons. This final state targets both the WZ-
mediated and Wh-mediated simplified models.

One lepton + two ⌧ (1`2⌧): where the one lepton (`) plus two hadronically decaying taus (⌧) signature
is used to target the Wh-mediated simplified model.

The background for a signal with 3` or 1`2⌧ and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The assumed systematic uncertainty of 30% on the estimated sum of all
backgrounds is expected to hold under the hypothesis that the theoretical uncertainty on the triboson
backgrounds is at the level of that of the diboson backgrounds for 14 TeV. The reducible process tt̄ is
also an important background, producing two prompt leptons from the W decays and a third when one
of the b-quarks in the event decays semileptonically and is mis-identified as a prompt, isolated lepton.
In the 1`2⌧ channel, the reducible processes tt̄, W+jets, Z+jets are important backgrounds where jets are
mis-identified as taus.

3.1 WZ-mediated Signal Region Selection

Candidate leptons are selected with pT larger than 10 GeV and |⌘|< 2.47 (2.4) for electrons (muons).
Candidate jets are selected with the anti-kt algorithm with a radius parameter of �R ⌘

p
(��)2 + (�⌘)2 =

0.4, with pT > 20 GeV and |⌘|< 2.5. Jets are required to be separated from candidate electrons with
�R(e, jet) > 0.2. Jets are tagged as originating from b-decays, “b-tagged jets”, with the chosen working
point of the b-tagging algorithm correctly identifying b-quark jets in simulated tt̄ samples with an average
e�ciency of 70%, with a light-flavour jet misidentification probability of about 1% (parametrised as a
function of jet pT and ⌘).

Leptons forming low mass Same-Flavour Opposite-Sign (SFOS) lepton pairs (invariant mass mSFOS <
12 GeV) are discarded to remove leptons from low-mass resonances. Leptons are required to be isolated

5

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 Emiss

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 Emiss
T

and no leptons.

4.1 Background processes

The SM background for a signal with many jets and large Emiss
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%.

11
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Figure 10: The lepton h distribution in W + jets and tt̄ events after the loose VBF selection used
in [33].

Fig. 9. The signal is characterized by the presence of two jets with large dijet invariant mass in
the forward region in opposite hemispheres and a large ET/ . This search is very challenging due
to the small production cross section of the signal; however, the HL-LHC data may allow us to
discover it [34].

The background samples considered are the W and Z + jets production samples with jets aris-
ing from QCD interactions and the VBF production of W and Z. These processes constitute
the major background in this search. The tt̄ production is also considered. The signal model
considered is the pure Wino dark matter scenario with mc̃0

1
= 112, 200, and 500 GeV.

The Phase II Conf4 option of the upgraded detector, with the extended tracker coverage up to
|h| < 4, can benefit this search mainly in the following two ways:

• The improved lepton acceptance reduces W and tt̄ backgrounds, major background
sources in this search, through the lepton vetos.

• The improved pileup mitigation (pileup charged hadron subtraction) in the forward
region based on tracking is expected to improve the VBF jet tagging and ET/ resolu-
tion, two main aspects in this search.

For the first point, one can see the benefit from the lepton h distribution, which is shown in

Signal topology of such events: �
•  Two jets with large di-jet invariant mass in the 

forward region in opposite hemispheres�
•  Large ET

Miss, and no leptons�
•  small cross-section à challenging at HL-LHC �

CMS-PAS-FTR-13-014 (ECFA 2013) 

arXiv:1304.7779 

Selection of events based on: �
•  nJets=2 pT>30 GeV, |η| < 5 �
•  η1-η2 > 4.2 η1*η2<0 �
•  pTjet1 > 200 GeV, pTJet2 > 100 GeV �
•  Mjj > 1500 GeV �
•  Veto 3rd jet within jet1 and jet2 �
•  Veto of b-tagged jet �
•  Veto of leptons, it is very crucial for the 

success of the analysis   �
•  ET

Miss > 200 GeV �
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Figure 10: The lepton h distribution in W + jets and tt̄ events after the loose VBF selection used
in [33].

Fig. 9. The signal is characterized by the presence of two jets with large dijet invariant mass in
the forward region in opposite hemispheres and a large ET/ . This search is very challenging due
to the small production cross section of the signal; however, the HL-LHC data may allow us to
discover it [34].

The background samples considered are the W and Z + jets production samples with jets aris-
ing from QCD interactions and the VBF production of W and Z. These processes constitute
the major background in this search. The tt̄ production is also considered. The signal model
considered is the pure Wino dark matter scenario with mc̃0

1
= 112, 200, and 500 GeV.

The Phase II Conf4 option of the upgraded detector, with the extended tracker coverage up to
|h| < 4, can benefit this search mainly in the following two ways:

• The improved lepton acceptance reduces W and tt̄ backgrounds, major background
sources in this search, through the lepton vetos.

• The improved pileup mitigation (pileup charged hadron subtraction) in the forward
region based on tracking is expected to improve the VBF jet tagging and ET/ resolu-
tion, two main aspects in this search.

For the first point, one can see the benefit from the lepton h distribution, which is shown in

Ø  A significant amount of leptons fall outside the 
current geometrical acceptance of |η | < 2.5 �
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Vector Boson Fusion in SUSY 
14 6 Dark matter search in vector boson fusion processes
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Figure 11: Muon (left) and electron (right) selection efficiencies as a function of h. The efficien-
cies are determined for muons and electrons with pT > 5 GeV in W(`n) + jets events.

Fig. 10. A significant amount of leptons fall outside the current geometrical acceptance of |h| <
2.5. The lepton efficiencies in the Delphes simulation, which are verified against the CMS full
simulation [36], are shown as functions of h in Fig. 11. The lepton selection efficiency is crucial
in order to achieve high efficiency for lepton vetoes to reduce W and tt̄ backgrounds. The effect
of the increased lepton acceptance in h can be clearly observed in Fig. 11.

Figure 12 shows jet h distributions for jets with pT > 30 GeV in W(`n) + jets events. The
pileup jets outside the tracking coverage are clearly visible in Fig. 12 in the forward region
outside the tracking coverage for 140 pileup scenarios, where charged hadrons from pileup pp
interactions cannot be subtracted on a particle-by-particle basis. In order to reduce the large
contributions from pileup jets in the forward region, a higher jet pT threshold cuts are applied
for the 140 pileup scenarios for VBF jets selection. Although the detailed structure is still under
investigation, the distribution for the Phase II Conf4 detector shows a clear indication that the
extended tracker coverage can mitigate pileup jets substantially up to |h| ⇠ 4.

Figure 13 shows the HT/ and Mjj distributions for W(`n) + jets events, where HT/ is the magni-
tude of the vector sum of all the reconstructed leptons, photons, and jets with pT > 30 GeV and
|h| < 5. The pileup jet contributions are clearly visible in these distributions. The HT/ distribu-
tions show a factor of ⇠ 10 more events at HT/ > 200 GeV in the 140 pileup scenario with the
Phase I and II Conf3 detectors compared to the zero pileup scenario, while the Phase II Conf4
detector shows only a factor of < 2 increase. Similarly, the Mjj distribution shows a significant
reduction at Mjj > 1500 GeV with the Phase II Conf4 detector compared to the Phase I and
Phase II Conf3 detectors.

The baseline event selection adopted for this search is as follows:

• VBF selection:
• HT/ > 50 GeV;
• pjet1,2

T > 50 GeV;
• |hjet1,2| < 5;
• |hjet1 � hjet2| > 4.2;
• hjet1 · hjet2 < 0;

• pjet1
T > 50 GeV (200 GeV for 140 pileup scenarios);
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Figure 12: Pseudorapidity distributions for jets with pT > 30 GeV for various pileup and
detector configurations in W(`n) + jets events.
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Figure 13: Comparison of HT/ and Mjj distributions in W(`n) + jets samples from different
detectors with different pileup scenarios. All W(`n) + jets events without any event selection
are shown for HT/ distributions and W(`n) + jets events with at least two jets with pT > 30 GeV
are shown for Mjj distributions.

• pjet2
T > 50 GeV (100 GeV for 140 pileup scenarios);

• Mjj > 1500 GeV;

• Veto a third jet with pjet3
T > 30 GeV lying between the leading two jets;

• Veto a b-tagged jet;
• Veto a lepton (electron, muon, and tau);
• HT/ > 200 GeV.

After these baseline event selection requirements, the Phase II Conf4 detector shows much
reduced backgrounds compared to other detector configurations studied, while reducing the
signal efficiency only by about 10%, with the same pileup condition of hPUi = 140. The Z(nn̄)
+ jets background reduces by a factor of about 2 with the Phase II Conf4 detector compared to

Ø  The lepton selection efficiency is 
crucial in order to achieve high 
efficiency for lepton vetoes to 
reduce W and tt backgrounds. �

�

Ø  The pileup jets outside the tracking 
coverage (CMS) are visible in the forward 
region outside the tracking coverage for 
140 pileup scenarios. �

Ø  HL-LHC à the extended tracker coverage 
can reduce pileup jets substantially up to 
|η| ∼ 4 �
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Vector Boson Fusion in SUSY: Detector configuration 

15

jets
η

-6 -4 -2 0 2 4 6

N
um

be
r o

f j
et

s

710

810

910

) + jetsνW(l
Phase I, <PU>=0
Phase I, <PU>=140
Phase II Conf3, <PU>=140
Phase II Conf4, <PU>=140

-1 = 14 TeV, L = 3000 fbsCMS Simulation, 

Figure 12: Pseudorapidity distributions for jets with pT > 30 GeV for various pileup and
detector configurations in W(`n) + jets events.
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Figure 13: Comparison of HT/ and Mjj distributions in W(`n) + jets samples from different
detectors with different pileup scenarios. All W(`n) + jets events without any event selection
are shown for HT/ distributions and W(`n) + jets events with at least two jets with pT > 30 GeV
are shown for Mjj distributions.

• pjet2
T > 50 GeV (100 GeV for 140 pileup scenarios);

• Mjj > 1500 GeV;

• Veto a third jet with pjet3
T > 30 GeV lying between the leading two jets;

• Veto a b-tagged jet;
• Veto a lepton (electron, muon, and tau);
• HT/ > 200 GeV.

After these baseline event selection requirements, the Phase II Conf4 detector shows much
reduced backgrounds compared to other detector configurations studied, while reducing the
signal efficiency only by about 10%, with the same pileup condition of hPUi = 140. The Z(nn̄)
+ jets background reduces by a factor of about 2 with the Phase II Conf4 detector compared to

•  Number of jets rises dramatically in forward region without tracking �
à MHT and Mjj strongly affected �

•  Analyses depending on measurement of forward jets profit most from tracking up to |η| < 4 �
Ø  Background reduction by factor 3-10 expected  

�
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Vector Boson Scattering And Triboson Production  
ATLAS-PHYS-PUB-2013-006 (ECFA 2013) 

Ø  Sensitivity to new physics can be achieved through heavy vector boson scattering via EWK processes. �

Ø  Vector boson scattering happen through �
•  Double triple gauge coupling (TGC) �
•  Quartic gauge coupling (QGC) �
•  s-channel and t-channel Higgs scattering �

Ø  Observation �
•  Cross-section rises quickly with the energy�
•  Exploring gauge-Higgs sector in detail�

1

1 Introduction

The set of vector boson interactions that can produce diboson pairs are determined by the
gauge structure of the standard model (SM). Of particular interest are production processes
involving heavy vector boson (V) scattering, VV ! VV, via electroweak (EWK) processes.
In proton-proton collisions vector boson scattering occurs in the topology pp ! VVjj, where
the vector bosons are radiated off incoming quarks in each proton and scatter off each other.
The scattering interaction can happen through a variety of mechanisms including double triple
gauge coupling (TGC) interactions, quartic gauge coupling (QGC) interactions, t-channel Higgs
boson scattering and s-channel Higgs boson production. The production of WZ vector boson
pairs via scattering can occur through the first three of these processes. The processes are
shown at tree level at lowest order in Fig. 1. Individually the cross section for these processes
rises quickly with energy and if considered separately each of these processes would violate
unitarity. However, strong interference between them results in a finite cross section at all
energies.

Figure 1: Representative tree level Feynman diagrams for EWK WZ scattering interactions. All
charge conjugate and electron and muonic flavored final states are considered in this analysis.

The scattering topology is particularly sensitive to new physics in the electroweak symmetry
breaking sector. Any addition to the scattering process would alter the cancellation from the
strong interference of the SM processes resulting in changes to the cross section at high scat-
tering center of mass energy. This is detectable in observables directly sensitive to the center
of mass energy of the vector boson scattering processes, such as the vector boson transverse
momentum and the diboson mass. Angular distributions of the decay products are also sensi-
tive to new physics and may give additional information on the type of new physics involved.
New physics possibilities include additional Higgs bosons, other scalar particles or additional
gauge bosons.

With the discovery of the Higgs boson [1, 2] and precise knowledge of its mass, the cross section
of these processes can be precisely predicted. The cross section is predicted at next-to-leading
order (NLO) accuracy [3]. The same initial and final state can also result from other purely
EWK diagrams including radiative emission of the W and Z boson and from the production
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With the discovery of the Higgs boson [1, 2] and precise knowledge of its mass, the cross section
of these processes can be precisely predicted. The cross section is predicted at next-to-leading
order (NLO) accuracy [3]. The same initial and final state can also result from other purely
EWK diagrams including radiative emission of the W and Z boson and from the production
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Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Vector Boson Scattering: Results for ZZ channel 
ATLAS-PHYS-PUB-2013-006 (ECFA 2013) 

with cφW to illustrate this complementarity between vector boson scattering and Higgs boson coupling

measurements, there is another dimension-6 operator with the same characteristics but involving the B

gauge field. Differentiating between these operators using the combination of triboson production, vector

boson scattering and Higgs coupling measurements would be a very interesting program of exploration

of non-SM couplings in the gauge-Higgs sector.

The fS 0 parameter is studied as its associated linear operator can be related to the non-linear operator

with coefficient a4 in the Electroweak Chiral Lagrangian, which has been probed in previous studies [7].

The fS 0 dimension-8 operator again involves gauge and Higgs fields but with different gauge and tensor

structure and dimensionality as compared to dimension-6 operator discussed above. We will illustrate the

differences in kinematic distributions induced by this operator in vector boson scattering, demonstrating

the ability to probe deeper into the gauge-Higgs interaction with such studies.

Finally, the fTn set of coefficients are associated with dimension-8 operators only involving the gauge

fields and therefore do not directly affect the Higgs boson couplings. Their gauge and tensor structure

are again different from the other operators discussed above, potentially yielding further differentiation

power using rates and kinematics of triboson production and VBS. None of the dimension-8 operators can

affect diboson production and are therefore unconstrained by previous studies at LEP and the Tevatron.

They are uniquely studied in triboson production and VBS at the LHC.

The higher-dimension operators ultimately violate unitarity at sufficiently high energy since they

represent an approximation of the underlying UV-safe BSM theory by expanding in inverse mass di-

mension. For individual studies we have checked the unitarity bounds [8, 9, 10] and study the events

within the generated kinematic range, where unitarity is satisfied, using the truth information of the full

event kinematics.

3 Monte Carlo Simulation

SM and BSM predictions were generated using Monte Carlo (MC) techniques. Events were simulated

using the Madgraph generator [11]. Leading-order cross sections are used; ignoring the QCD k-factor

is expected to be conservative. Particle showers were simulated using Pythia version 6.426 [12]. The

leading-order PDF set CTEQ6L1 is used [13]. Outgoing truth-level electrons, photons, and hadrons were

clustered into anti-kT jets with R = 0.4 [14] unless otherwise noted.

The sensitivity to new physics in vector boson scattering and triboson production depends on jet,

lepton and missing energy reconstruction in the high-pileup regime. Fully simulated events under high-

pileup conditions have been produced, and efficiencies and resolutions have been estimated for the var-

ious objects. These parameterizations of detector performance have been used to smear particle-level

outputs for various new-physics scenarios.

4 VBS ZZ → ℓℓℓℓ

In this channel, the following new analysis has been performed since the European Strategy Submis-

sion [15], based on the dimension-6 operator

LφW =
cφW

Λ2
Tr(WµνWµν)φ

†φ (1)

The fully-leptonic ZZ j j → ℓℓℓℓ j j channel has a small cross section but provides a clean, fully

reconstructible ZZ final state. A forward jet-jet mass requirement of 1 TeV reduces the contribution from

jets accompanying non-VBS diboson production.

2

Signal topology of such events: �
•  Multi-leptons with two forward jets�
•  Mjj > 1 TeV for non-VBS diboson production �
•  small cross section but provides clean, 

reconstructible final state. 
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [17] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [11]. MadGraph 1.5.9

4

with cφW to illustrate this complementarity between vector boson scattering and Higgs boson coupling

measurements, there is another dimension-6 operator with the same characteristics but involving the B

gauge field. Differentiating between these operators using the combination of triboson production, vector

boson scattering and Higgs coupling measurements would be a very interesting program of exploration

of non-SM couplings in the gauge-Higgs sector.

The fS 0 parameter is studied as its associated linear operator can be related to the non-linear operator

with coefficient a4 in the Electroweak Chiral Lagrangian, which has been probed in previous studies [7].

The fS 0 dimension-8 operator again involves gauge and Higgs fields but with different gauge and tensor

structure and dimensionality as compared to dimension-6 operator discussed above. We will illustrate the

differences in kinematic distributions induced by this operator in vector boson scattering, demonstrating

the ability to probe deeper into the gauge-Higgs interaction with such studies.

Finally, the fTn set of coefficients are associated with dimension-8 operators only involving the gauge

fields and therefore do not directly affect the Higgs boson couplings. Their gauge and tensor structure

are again different from the other operators discussed above, potentially yielding further differentiation

power using rates and kinematics of triboson production and VBS. None of the dimension-8 operators can

affect diboson production and are therefore unconstrained by previous studies at LEP and the Tevatron.

They are uniquely studied in triboson production and VBS at the LHC.

The higher-dimension operators ultimately violate unitarity at sufficiently high energy since they

represent an approximation of the underlying UV-safe BSM theory by expanding in inverse mass di-

mension. For individual studies we have checked the unitarity bounds [8, 9, 10] and study the events

within the generated kinematic range, where unitarity is satisfied, using the truth information of the full

event kinematics.

3 Monte Carlo Simulation

SM and BSM predictions were generated using Monte Carlo (MC) techniques. Events were simulated

using the Madgraph generator [11]. Leading-order cross sections are used; ignoring the QCD k-factor

is expected to be conservative. Particle showers were simulated using Pythia version 6.426 [12]. The

leading-order PDF set CTEQ6L1 is used [13]. Outgoing truth-level electrons, photons, and hadrons were

clustered into anti-kT jets with R = 0.4 [14] unless otherwise noted.

The sensitivity to new physics in vector boson scattering and triboson production depends on jet,

lepton and missing energy reconstruction in the high-pileup regime. Fully simulated events under high-

pileup conditions have been produced, and efficiencies and resolutions have been estimated for the var-

ious objects. These parameterizations of detector performance have been used to smear particle-level

outputs for various new-physics scenarios.

4 VBS ZZ → ℓℓℓℓ

In this channel, the following new analysis has been performed since the European Strategy Submis-

sion [15], based on the dimension-6 operator

LφW =
cφW

Λ2
Tr(WµνWµν)φ

†φ (1)

The fully-leptonic ZZ j j → ℓℓℓℓ j j channel has a small cross section but provides a clean, fully

reconstructible ZZ final state. A forward jet-jet mass requirement of 1 TeV reduces the contribution from

jets accompanying non-VBS diboson production.

2

16 TeV-2 � 34 TeV-2 �

Direct interaction of the gauge boson 
fields via a field strength tensor 
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The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Vector Boson Scattering: Results for WZ channel 
ATLAS-PHYS-PUB-2013-006 (ECFA 2013) 

Signal topology of such events: �
•  Multi-leptons with two forward jets�
•  Lepton from W should be identified �
•  Larger cross section but there is an 

unidentified lepton in the event. 

4.1 Monte Carlo Predictions

We include only the SM ZZ production as background, as ATLAS analyses of current data [16] have

shown that mis-identification backgrounds are small in this clean channel. MadGraph 1.4.2 [11] was

used to generate the non-VBS background where ZZ production is accompanied by initial-state radiation

of two jets. SM and non-SM ZZ production via VBS were simulated using MadGraph 1.5.9. In both

cases Z bosons were required to decay to electron or muon pairs.

4.2 Event Selection

Events are considered VBS ZZ candidates provided they meet the following criteria:

• Exactly four selected leptons (each with pT > 25 GeV) which can be separated into two opposite

sign, same flavor pairs (No Z mass window requirement)

• At least one selected lepton must fire the trigger.

• At least two selected jets, each with pT > 50 GeV

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

4.3 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ contribution, the background-only p0-value

expected for signal+background is calculated using the m4ℓ spectrum.

300 fb−1 3000 fb−1

cφW/Λ
2 34 TeV−2 16 TeV−2

Table 1: Summary of expected sensitivity to anomalous VBS ZZ → 4ℓ signal at
√

s = 14 TeV, quoted

in terms of 5σ-significance discovery values of cφW/Λ
2.

Figure 1 shows the reconstructed 4-lepton invariant mass distribution, and signal significance as

a function of cφW/Λ
2. In Table 1 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. Since the 4−lepton mass is the process
√

ŝ, the study of its

distribution directly probes the energy-dependence of the new physics.

5 VBS WZ → ℓνℓℓ

This analysis is new since the European Strategy Submission. We parameterize new physics in this

channel using the operator

LT,1 =
fT1

Λ4
Tr[ŴανŴ

µβ] × Tr[ŴµβŴ
αν] (2)

The fully leptonic WZ j j → ℓνℓℓ j j channel has a larger cross section than ZZ j j → ℓℓℓℓ j j and can

still be reconstructed by solving for the neutrino pz using the W boson mass constraint.

In order to use the W mass constraint, the lepton from W decay must first be identified. If two lepton

flavors occur in an event, the unpaired lepton is assumed to come from the W boson. If all three leptons

have the same flavor, the invariant masses of all combinations of opposite-sign pairs are calculated, and

the pair whose mass is closest to the Z mass is called the Z pair; the unpaired lepton is then used in the

neutrino pz determination.

3
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Figure 1: In the pp → ZZ + 2 j → ℓℓℓℓ + 2 j process, the reconstructed 4-lepton mass (m4ℓ) spectrum is

shown after requiring m j j > 1 TeV (left), and signal significance as a function of cφW/Λ
2 (right). The

overflow bin is included in the plot on the left.

In the event that there are multiple neutrino pz solutions to the W mass constraint equation, the

solution with the smallest magnitude is chosen. If no real pz solution exists, the x and y components of

Emiss
T

are varied minimally to give a unique solution.

Figure 2 shows the reconstructed 4-lepton invariant mass distribution for this channel.
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Figure 2: In the pp → WZ + 2 j → ℓνℓℓ + 2 j channel, the reconstructed WZ mass spectrum using the

charged leptons and the neutrino solution after requiring m j j > 1 TeV (left), and and signal significance

as a function of fT1/Λ
4 (right). The overflow bin is included in the plot on the left.

5.1 Monte Carlo Predictions

We include only the SM WZ production as background, as ATLAS analyses of current data [17] have

shown that mis-identification backgrounds are small in this channel. Non-VBS WZ production in as-

sociation with initial-state radiation of two jets was simulated using MadGraph [11]. MadGraph 1.5.9

4

4.1 Monte Carlo Predictions

We include only the SM ZZ production as background, as ATLAS analyses of current data [16] have

shown that mis-identification backgrounds are small in this clean channel. MadGraph 1.4.2 [11] was

used to generate the non-VBS background where ZZ production is accompanied by initial-state radiation

of two jets. SM and non-SM ZZ production via VBS were simulated using MadGraph 1.5.9. In both

cases Z bosons were required to decay to electron or muon pairs.

4.2 Event Selection

Events are considered VBS ZZ candidates provided they meet the following criteria:

• Exactly four selected leptons (each with pT > 25 GeV) which can be separated into two opposite

sign, same flavor pairs (No Z mass window requirement)

• At least one selected lepton must fire the trigger.

• At least two selected jets, each with pT > 50 GeV

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

4.3 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ contribution, the background-only p0-value

expected for signal+background is calculated using the m4ℓ spectrum.

300 fb−1 3000 fb−1

cφW/Λ
2 34 TeV−2 16 TeV−2

Table 1: Summary of expected sensitivity to anomalous VBS ZZ → 4ℓ signal at
√

s = 14 TeV, quoted

in terms of 5σ-significance discovery values of cφW/Λ
2.

Figure 1 shows the reconstructed 4-lepton invariant mass distribution, and signal significance as

a function of cφW/Λ
2. In Table 1 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. Since the 4−lepton mass is the process
√

ŝ, the study of its

distribution directly probes the energy-dependence of the new physics.

5 VBS WZ → ℓνℓℓ

This analysis is new since the European Strategy Submission. We parameterize new physics in this

channel using the operator

LT,1 =
fT1

Λ4
Tr[ŴανŴ

µβ] × Tr[ŴµβŴ
αν] (2)

The fully leptonic WZ j j → ℓνℓℓ j j channel has a larger cross section than ZZ j j → ℓℓℓℓ j j and can

still be reconstructed by solving for the neutrino pz using the W boson mass constraint.

In order to use the W mass constraint, the lepton from W decay must first be identified. If two lepton

flavors occur in an event, the unpaired lepton is assumed to come from the W boson. If all three leptons

have the same flavor, the invariant masses of all combinations of opposite-sign pairs are calculated, and

the pair whose mass is closest to the Z mass is called the Z pair; the unpaired lepton is then used in the

neutrino pz determination.

3
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The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Vector Boson Scattering: Results for WZ channel 
CMS-FTR-13-006(ECFA 2013) 

Signal topology of such events: �
•  Multi-leptons with two forward jets�
•  Lepton from W should be identified �
•  Larger cross section but there is an 

unidentified lepton in the event. 

4.1 Monte Carlo Predictions

We include only the SM ZZ production as background, as ATLAS analyses of current data [16] have

shown that mis-identification backgrounds are small in this clean channel. MadGraph 1.4.2 [11] was

used to generate the non-VBS background where ZZ production is accompanied by initial-state radiation

of two jets. SM and non-SM ZZ production via VBS were simulated using MadGraph 1.5.9. In both

cases Z bosons were required to decay to electron or muon pairs.

4.2 Event Selection

Events are considered VBS ZZ candidates provided they meet the following criteria:

• Exactly four selected leptons (each with pT > 25 GeV) which can be separated into two opposite

sign, same flavor pairs (No Z mass window requirement)

• At least one selected lepton must fire the trigger.

• At least two selected jets, each with pT > 50 GeV

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

4.3 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ contribution, the background-only p0-value

expected for signal+background is calculated using the m4ℓ spectrum.

300 fb−1 3000 fb−1

cφW/Λ
2 34 TeV−2 16 TeV−2

Table 1: Summary of expected sensitivity to anomalous VBS ZZ → 4ℓ signal at
√

s = 14 TeV, quoted

in terms of 5σ-significance discovery values of cφW/Λ
2.

Figure 1 shows the reconstructed 4-lepton invariant mass distribution, and signal significance as

a function of cφW/Λ
2. In Table 1 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. Since the 4−lepton mass is the process
√

ŝ, the study of its

distribution directly probes the energy-dependence of the new physics.

5 VBS WZ → ℓνℓℓ

This analysis is new since the European Strategy Submission. We parameterize new physics in this

channel using the operator

LT,1 =
fT1

Λ4
Tr[ŴανŴ

µβ] × Tr[ŴµβŴ
αν] (2)

The fully leptonic WZ j j → ℓνℓℓ j j channel has a larger cross section than ZZ j j → ℓℓℓℓ j j and can

still be reconstructed by solving for the neutrino pz using the W boson mass constraint.

In order to use the W mass constraint, the lepton from W decay must first be identified. If two lepton

flavors occur in an event, the unpaired lepton is assumed to come from the W boson. If all three leptons

have the same flavor, the invariant masses of all combinations of opposite-sign pairs are calculated, and

the pair whose mass is closest to the Z mass is called the Z pair; the unpaired lepton is then used in the

neutrino pz determination.

3

4.1 Monte Carlo Predictions

We include only the SM ZZ production as background, as ATLAS analyses of current data [16] have

shown that mis-identification backgrounds are small in this clean channel. MadGraph 1.4.2 [11] was

used to generate the non-VBS background where ZZ production is accompanied by initial-state radiation

of two jets. SM and non-SM ZZ production via VBS were simulated using MadGraph 1.5.9. In both

cases Z bosons were required to decay to electron or muon pairs.

4.2 Event Selection

Events are considered VBS ZZ candidates provided they meet the following criteria:

• Exactly four selected leptons (each with pT > 25 GeV) which can be separated into two opposite

sign, same flavor pairs (No Z mass window requirement)

• At least one selected lepton must fire the trigger.

• At least two selected jets, each with pT > 50 GeV

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

4.3 Statistical Analysis

In order to determine the expected sensitivity to BSM ZZ contribution, the background-only p0-value

expected for signal+background is calculated using the m4ℓ spectrum.

300 fb−1 3000 fb−1

cφW/Λ
2 34 TeV−2 16 TeV−2

Table 1: Summary of expected sensitivity to anomalous VBS ZZ → 4ℓ signal at
√

s = 14 TeV, quoted

in terms of 5σ-significance discovery values of cφW/Λ
2.

Figure 1 shows the reconstructed 4-lepton invariant mass distribution, and signal significance as

a function of cφW/Λ
2. In Table 1 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. Since the 4−lepton mass is the process
√

ŝ, the study of its

distribution directly probes the energy-dependence of the new physics.

5 VBS WZ → ℓνℓℓ

This analysis is new since the European Strategy Submission. We parameterize new physics in this

channel using the operator

LT,1 =
fT1

Λ4
Tr[ŴανŴ

µβ] × Tr[ŴµβŴ
αν] (2)

The fully leptonic WZ j j → ℓνℓℓ j j channel has a larger cross section than ZZ j j → ℓℓℓℓ j j and can

still be reconstructed by solving for the neutrino pz using the W boson mass constraint.

In order to use the W mass constraint, the lepton from W decay must first be identified. If two lepton

flavors occur in an event, the unpaired lepton is assumed to come from the W boson. If all three leptons

have the same flavor, the invariant masses of all combinations of opposite-sign pairs are calculated, and

the pair whose mass is closest to the Z mass is called the Z pair; the unpaired lepton is then used in the

neutrino pz determination.

3

Observation of anomalous couplings of this type 
may indicate new physics in the electroweak 
symmetry breaking sector. �

Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2013 

Vector Boson Scattering –  
Result for WZ Channel 

WZ channel is sensitive to dimension-8 operator: 
 
 

! Larger cross section than ZZ, and one Z still fully reconstructible 

 

SM discovery expected with 185 fb-1 

BSM contribution at TeV Scale possible at 300 fb-1 

3000 fb-1 probes much larger range of quartic coupling! 

 
 
 

8 

6 4 Results

Figure 4: WZ transverse mass with 3000 fb�1. The additional contribution of an aQGC signal
for the LT1 operator (LT1) with fT1/L4 = 1.0 TeV�4 is illustrated by the red hatched histogram.

4.1 Systematic uncertainty

For the background diboson processes, we estimate that the cross section could be understood
from a combination of the best available theoretical tools and data from control regions at the
10% level. This estimate is based on current measurements of the cross section in the high
statistics VV mode, W+W�, which is limited by systematic uncertainties associated with un-
derstanding jet activity [13]. If a better understanding of the background from VV+2j processes
could be achieved, either from the data or from tools such as NLO simulation or differential
studies of the next-to-next-to-leading order (NNLO) cross sections, then substantially better
sensitivity to new physics could be possible.

4.2 SM vector boson scattering

To search for SM electroweak scattering, we use the dijet invariant mass for final discrimination
of background processes as this variable is highly sensitive to scattering topologies at high
values. Conservatively performing a counting experiment using events with mjj > 1.2 TeV
we find that an integrated luminosity of 75 fb�1 is sufficient for 3s evidence, while 185 fb�1

is sufficient for 5s observation. The significances were determined by using pseudo-data to
calculate the probability of the background fluctuating to the expected signal plus background
level including the effects of systematic uncertainties as Gaussian distributions. The amount
of collision data necessary for evidence and observation could be improved by approximately
20% if systematic uncertainties could be reduced to have no impact. If the LHC operates during
Phase-1 at 13 TeV center of mass energy then approximately 15% more data is needed for the
discovery of the EWK scattering process.

4.3 aQGC

To search for new physics processes that result in aQGC, we use the WZ transverse mass for
final discrimination as the center of mass of the scattering system is highly sensitive to new
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The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
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is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.
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Vector Boson Scattering: Results for WW channel 
ATLAS-PHYS-PUB-2013-006 (ECFA 2013) 

Signal topology of such events: �
•  Two same-sign leptons with two forward jets�
•  Mjj > 1 TeV for non-VBS diboson production �
•  Major backgrounds: WZjj, Wγ, WZ and WW-QCD �

was used to generate SM and non-SM VBS WZ production. Each W boson was required to decay to an

electron and neutrino or a muon and neutrino, and each Z boson was required to decay to an electron or

muon pair.

5.2 Event Selection

Events are considered VBS WZ candidates provided they meet the following criteria:

• Exactly three selected leptons (each with pT > 25 GeV) which can be separated into an opposite

sign, same flavor pair and an additional single lepton

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets

5.3 Statistical Analysis

The statistical analysis is identical to that employed in Sec. 4.3. Figure 2 shows the signal significance

as a function of fT1/Λ
4. In Table 2 the 5σ discovery potential is illustrated, showing the improvement

possible with the increased luminosity. As in the ZZ → 4ℓ channel, the reconstructed 3ℓν mass is the

process
√

ŝ, and the study of its distribution directly probes the energy-dependence of the new physics.

300 fb−1 3000 fb−1

fT1/Λ
4 1.3 TeV−4 0.6 TeV−4

Table 2: Summary of expected sensitivity to anomalous VBS WZ signal at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT1/Λ
4.

6 VBS W±W± → ℓ±νℓ±ν

The potential for new physics via dimension-8 gauge-invariant operators is presented in the scattering of

same-sign W bosons (ssWW). The dimension-8 operator

LS ,0 =
fS 0

Λ4
[(Dµφ)

†Dνφ)] × [(Dµφ)†Dνφ)] (3)

is chosen to parameterize the new physics in terms of the magnitude of the coefficient fS 0/Λ
4. This

analysis is new since the European Strategy submission.

The two leading jets are used to tag the vector boson scattering process pp → W±W± + 2 j →
l±νl±ν + 2 j where l is electron or muon. We protect against pile-up jets by requiring the tagging jets to

have pT > 50 GeV.

6.1 Monte Carlo Predictions

The signal samples were generated using MadGraph version 1.5.10. Cross sections calculated by Mad-

Graph were found to be in agreement with VBFNLO [18, 19, 20] calculations within 2% for the SM

VBS process and within 10% for non-zero values of fS 0/Λ
4.

5
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√
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The signal samples were generated using MadGraph version 1.5.10. Cross sections calculated by Mad-

Graph were found to be in agreement with VBFNLO [18, 19, 20] calculations within 2% for the SM
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Figure 3: The reconstructed 4-body mass spectrum using the two leading leptons and jets (left) and the

signal significance (in standard deviations) as a function of fS 0 using the same-sign WW → ℓνℓν VBS

channel at pp center-of-mass collision energy of 14 TeV. The overflow bin is included in the plot on the

left.

7.1 Monte Carlo Predictions

MadGraph 1.5.10 [11] was used to generate all Zγγ samples and background samples, Zγ j and Z j j. In

both cases Z bosons were required to decay to electron or muon pairs. After Pythia 6 parton showering,

the reconstruction effects of resolution and identification efficiency are applied using Delphes [21] with

the ATLAS parametrizations. A constant jet-to-photon fake rate of 10−3 is applied to each jet in the Zγ j

and Z j j samples to construct smooth background templates.

7.2 Event Selection

Events are considered Zγγ candiates provided they meet the following criteria:

• pT (l) > 25 GeV, |η(l)| < 2.0

• pT (γ) > 25 GeV, |η(γ)| < 2.0

• At least one lepton and one γ with pT > 160 GeV

• |mll − 91 GeV| < 10 GeV

• ∆(γ, γ) > 0.4; ∆(l, γ) > 0.4; ∆(l, l) > 0.4.

The 160 GeV transverse momentum requirement on one lepton and one photon improves the sensi-

tivity of aQGC. The 10 GeV invariant mass window cuts around Z boson mass peak can suppresses the

γ∗ contribution to the dilepton. The large angle cut between photon and lepton and the high transverse-

momentum requirement of the photon reduces the FSR contribution. This leads to the phase space which

is uniquely sensitive to the QGC. Figure 4 (left) shows the reconstructed 4-body invariant mass distribu-

tion for this channel. Figure 4 (right) shows the enhancement of the yield in the tail of the photon pT

distribution due to anomalous QGC.

7
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Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Vector Boson Scattering: Triboson Scattering 
ATLAS-PHYS-PUB-2013-006 (ECFA 2013) 

Signal topology of such events: �
•  Final state with di-lepton and di-photon �
•  Allows full reconstruction and calculate Zγγ 

invariant mass�

model 300 fb−1 3 ab−1

fS 0/Λ
4 10 TeV−4 4.5 TeV−4

Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → ℓ±νℓ±ν + 2 j search in

the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, Wγ, jets faking leptons, lepton charge flips, and

the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph

version 1.5.9. The misidentified-lepton, photon-conversion (from Wγ production) and charge-flip contri-

butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background

by a conservative factor of ≈ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.

6.3 Statistical Analysis

The statistical analysis is performed by constructing templates of the mll j j distribution for different values

of fS 0/Λ
4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the

4-body invariant mass of the two leading leptons and the two leading jets in the event, which we found

to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when

two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.

7 Zγγ in the dilepton plus diphoton channel

The Zγγ mass spectrum at high mass is sensitive to BSM triboson contributions. The lepton-photon

channel allows full reconstruction of the final state and calculate the Zγγ invariant mass. This analysis

is new since the European Strategy Submission. We parameterize the BSM physics using the following

operators

LT,8 =
fT8

Λ4
BµνB

µνBαβB
αβ

LT,9 =
fT9

Λ4
BαµB

µβBβνB
να (4)

6
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4 10 TeV−4 4.5 TeV−4

Table 3: Summary of 5σ discovery values of fS 0 using the pp → W±W± + 2 j → ℓ±νℓ±ν + 2 j search in

the VBS mode at pp collision center-of-mass energy of 14 TeV.

The main background contributions are from WZ j j, Wγ, jets faking leptons, lepton charge flips, and

the QCD diagrams of ssWW. The WZ and ssWW-QCD backgrounds were generated using MadGraph

version 1.5.9. The misidentified-lepton, photon-conversion (from Wγ production) and charge-flip contri-

butions, collectively termed “mis-ID” backgrounds, were accounted for by scaling the WZ background

by a conservative factor of ≈ 2 taken from the study of ssWW with current ATLAS data.

6.2 Event Selection

Events are considered ssWW candidates provided they meet the following criteria:

• Exactly two selected leptons (each with pT > 25 GeV) with the same charge.

• At least one selected lepton must fire the trigger.

• At least two selected jets with pT > 50 GeV.

• m j j > 1 TeV, where m j j is the invariant mass of the two highest-pT selected jets.
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The statistical analysis is performed by constructing templates of the mll j j distribution for different values

of fS 0/Λ
4. The templates for ssWW-QCD and (scaled) WZ backgrounds are included. Here mll j j is the
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to be a robust and sensitive variable since calculating the true WW invariant mass is not possible when

two neutrinos are present. The distribution of mll j j and the signal significance as a function of fS 0/Λ
4

are shown in Fig. 3.

In Table 3 the 5σ discovery potential is illustrated, showing the improvement possible with the in-

creased luminosity.
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channel allows full reconstruction of the final state and calculate the Zγγ invariant mass. This analysis
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Figure 4: Reconstructed mass spectrum using the charged leptons and photons (left) and leading photon

pT (right) after event selection. The overflow bin is included in each plot.

7.3 Statistical Analysis

The distribution of mZγγ is used for hypotheses testing by comparing the sum of the SM and background

processes to the BSM templates (including backgrounds) obtained from the dimension-8 operators in

Eqn. 4. The dominant process in the QGC-sensitive kinematic phase space is the true Zγγ production

while the fake background Zγ j and Z j j are subdominant.

The statistical analysis is identical to that employed in Sec. 4.3. Figure 5 shows the expected sig-

nal significance as a function of BSM physics parameters. Quoted in Table 4 are the 5σ-significance

discovery values of the coefficients for an integrated luminosity of 300 fb−1 and 3000 fb−1 respectively.

300 fb−1 3000 fb−1

fT8/Λ
4 0.9 TeV−4 0.4 TeV−4

fT9/Λ
4 2.0 TeV−4 0.7 TeV−4

Table 4: Summary of expected sensitivity to anomalous Zγγ production at
√

s = 14 TeV, quoted in the

terms of 5σ-significance discovery values of fT8/Λ
4 and fT9/Λ

4.

8 Conclusions

Results of sensitivity studies are shown for high-mass ZZ, WZ and W±W± scattering as well as Zγγ

triboson production using higher dimension operators to parameterize BSM contributions. All heavy

gauge bosons are detected in leptonic decay modes. Comparisons of discovery potential are presented

for 300 fb−1 and 3000 fb−1 of integrated luminosity at a pp collision center-of-mass energy of 14 TeV.

We have studied one dimension-6 operator and four dimension-8 operators. Their values for 5σ-

significance discovery are summarised in Table 5. The higher integrated luminosity increases the discov-

ery potential for these operators’ coefficients by more than a factor of two, and almost a factor of three

for the T9 operator, from 2.0 TeV−4 to 0.7 TeV−4. Optimization of the analyses with 3000 fb−1 would

lead to further increases in sensitivity. Should new physics parameterized by these operators be discov-

ered with 300 fb−1, the coefficients can be measured with a precision of 5% or better with 3000 fb−1 of

integrated luminosity, enabling a precision study of this BSM sector.
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Figure 5: The signal significance as a function of fT8/Λ
4 (left) and fT9/Λ

4 (right).

Parameter dimension channel ΛUV [TeV]
300 fb−1 3000 fb−1

5σ 95% CL 5σ 95% CL

cφW/Λ
2 6 ZZ 1.9 34 TeV−2 20 TeV−2 16 TeV−2 9.3 TeV−2

fS 0/Λ
4 8 W±W± 2.0 10 TeV−4 6.8 TeV−4 4.5 TeV−4 0.8 TeV−4

fT1/Λ
4 8 WZ 3.7 1.3 TeV−4 0.7 TeV−4 0.6 TeV−4 0.3 TeV−4

fT8/Λ
4 8 Zγγ 12 0.9 TeV−4 0.5 TeV−4 0.4 TeV−4 0.2 TeV−4

fT9/Λ
4 8 Zγγ 13 2.0 TeV−4 0.9 TeV−4 0.7 TeV−4 0.3 TeV−4

Table 5: 5σ-significance discovery values and 95% CL limits for coefficients of higher-dimension oper-

ators. ΛUV is the unitarity violation bound corresponding to the sensitivity with 3000 fb−1 of integrated

luminosity.
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Ø HL-LHC enhances discovery range for new higher-dimension electroweak 
operators by more than a factor of two. �

Isabell Melzer-Pellmann           ECFA Workshop 1.-3.10.2013 

Vector Boson Scattering –  
Summary  

! HL-LHC enhances discovery range for new higher-dimension electroweak 
operators by more than a factor of two 

 
              ΛUV: unitarity violation bound corresponding  
                    to the sensitivity with 3000 fb�1 

 
 

SM discovery expected with 185 fb-1 

BSM contribution at TeV Scale might be observed at 300 fb-1! 
If BSM discovered in 300 fb-1 dataset, then the coefficients on the 
new operators could be measured to 5% precision with 3000 fb-1   

 
 

11 



Altan Cakir  |  Prospect of New Physics Searches using HL-LHC | Fermilab 2014  |  Page 39 

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
10

03
Ju

ly
20

14

ATLAS NOTE
ATL-PHYS-PUB-2014-010

July 3, 2014

Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
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Ø  Vector like quarks differ from SM quark since they have only vector-couplings to the W boson �

1

1 Introduction

Vector-like quarks differ from Standard Model (SM) quarks in their electroweak couplings.
Standard Model quarks have a V-A coupling to the W boson, i.e. their left and right-handed
states couple differently to the W boson. Vector-like quarks have only vector-couplings to the
W boson. One can thus write a mass term for them that does not violate gauge invariance
without the need for a Yukawa coupling to the Higgs boson. Vector-like quarks are predicted,
for example, by little Higgs models [1, 2]. They can cancel the diverging contributions of top
quark loops to the Higgs boson mass.

The heavy vector-like charge 2/3 quark, T quark, is pair produced together with its antiquark
in proton-proton collisions through the strong interaction. Thus its production cross section can
be calculated using perturbative QCD. Figure 1 shows the approximate next-to-next-to-leading
order (NNLO) calculation implemented in HATHOR [3] for different center of mass energies.
The T quark can decay into three different final states: bW, tZ, or tH. If it is an electroweak
singlet, the branching fractions are predicted to be 50% into bW and 25% each into tZ and
tH [4] at asymptotically high T masses as shown in Fig. 2 [5]. At low masses the tZ and tH
modes are kinematically suppressed. All T quark decays produce final states with b quarks
and W bosons.

A recent inclusive search for a heavy T [6] has been performed by the CMS experiment based
on data collected at

p
s = 8 TeV in 2012 with an integrated luminosity of 19.5 fb�1. In this

inclusive search, selected events have at least one isolated charged lepton and are further cate-
gorized according to number and flavour of the leptons, the number of jets and the presence of
hadronic vector boson and top quark decays that are merged into a single jet. By combining all
categories, this search yields limits on the heavy T quark mass depending on the decay branch-
ing fractions (B) to bW, tZ or tH modes. Heavy T masses below 700, 782, and 706 GeV are
excluded at 95% confidence level (C.L.) corresponding to 100% decays to bW, tZ, or tH modes,
respectively. T quarks with decay branching fractions of 50% to bW, 25% to tZ, and 25% to tH
are excluded for masses below 696 GeV.
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Figure 1: T quark pair production cross section computed using HATHOR.

In this note, we present the results of a sensitivity study for searching for heavy T quarks with
the upgraded CMS detector. The upgraded CMS detector at the planned high luminosity LHC
is expected to collect 3000 fb�1 of proton-proton collision data at

p
s = 14 TeV. An average of

140 pile-up interactions per bunch crossing are expected during the planned “high luminosity”
phase of the LHC run at 14 TeV.

2 3 Analysis strategy
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Figure 2: The dependence of T to tH, tZ and bW branching fractions as a function of the T
quark mass.

2 Signal and background samples

The T quark signal production and decays in pp collisions at
p

s =14 TeV are generated using
the MADGRAPH [7] event generator, with PYTHIA [8] for parton fragmentation and hadroniza-
tion of quarks and gluons. For this analysis, the T quark is pair produced and decays to tH, tZ
and Wb with the following nominal set of branching fractions motivated by naturalness: B(T!
Wb) = 0.5, B(T! tH) = B(T! Zt) = 0.25. Samples with T masses between 1000 to 2000 GeV are
generated for each of the six decay modes tHtH, WbWb, tZtZ, tHWb, WbtZ, and tHtZ. The
dominant SM background processes are tt, V+jets, Drell-Yan, W±W±, WWW, ttW, and ttZ.

All samples are simulated with MADGRAPH event generator as described in the Snowmass
SM background generation whitepaper [9, 10] and PYTHIA is used to take care of the parton
fragmentation and hadronization. All cross sections for background processes are taken from
the background whitepaper [9]. Both signal and background events are processed through
the CMS detector “configuration 3” proposed for the phase II upgrade, using the Snowmass
DELPHES fast simulation and object reconstruction software [11, 12].

The detector “configuration 3” [13] includes replacement of the electromagnetic endcap calori-
meter and retrofitting of the hadron endcap calorimeter. The energy resolution and transverse
shower sizes used are representative of a shashlik design for the electromagnetic endcap cal-
orimeter. The azimuthal segmentation of the hadron endcap calorimeter was increased by a
factor of four. We assume a new phase II tracker with a barrel and two endcap sections and
an extension of the muon system to full coverage of the pseudorapidity region defined by
1.6 < |h| < 2.4.

3 Analysis strategy

Events from the decay of massive T quarks are characterized by two to four vector bosons and
at least two b quarks. The analysis performed in this note follows the strategy and optimization
of the selections as described in Ref. [14]. As compared to Ref. [14], which is based on the
performance of a generic LHC detector, this analysis uses the proposed CMS upgrade detector

•  Vector-like mass term does not violate gauge invariance 
without the need for a Yukawa coupling to the Higgs boson �

•  Vector-like quarks are e.g. predicted by little Higgs models �
•  Another natural solution to cancel the diverging contributions 

of top quark loops to the Higgs boson mass! �

Analysis based on arXiv:0105239 
and performed in 

Yukawa couplings are of the form h†Qtc. Let us change notation slightly to
reflect the fact that tc and T c mix, and call them tc1 and tc2. We can now write
two terms that both look like they contribute to the top Yukawa coupling1,

Lyuk = λ1φ
†
1Ψtc1 + λ2φ

†
2Ψtc2. (41)

To see what couplings for the Higgs arise we substitute the parametrization of
Eq. (37) and expand in powers of h. For simplicity, let us also set λ1 ≡ λ2 ≡
λ/

√
2. This will reduce the number of terms we encounter because it preserves

a parity 1 ↔ 2, but the main points here are independent of this choice. We
find

L ∼
λ√
2

[

fT (tc2 + tc1) + ih†Q(tc2 − tc1) −
1

2f
h†hT (tc2 + tc1) + · · ·

]

= λf(1 −
1

2f2
h†h)TT c + λh†Qtc + · · · , (42)

where the second line is written in terms of the linear combinations T c = (tc2 +
tc1)/

√
2 and tc = i(tc2 − tc1)/

√
2.

The last term of the second line in Eq. (42) is the top Yukawa coupling, and
so we identify λ = λt. The Dirac fermion T, T c has a mass λtf and a coupling to
two Higgs fields with coupling constant λt/(2f). The couplings and masses are
related by the underlying SU(3) symmetries. To see how the new fermion and

ct

Q

T T c
h h

h h

Figure 5: The quadratically divergent contribution to the Higgs mass from the
top loop is canceled by the T loop.

its couplings to the Higgs cancel the quadratic divergence from the top quark
loop, we compute the fermion loops including interactions to order λ2. The two
relevant diagrams (Figure 5) give

λ2
t

16π2
Λ2h†h +

λ2
t f

2

16π2
(1 −

h†h

f2
) Λ2 + O(h4) = const. + O(h4). (43)

The quadratically divergent contribution to the Higgs mass from the top and T
loops cancel!2

1We do not write the couplings φ†
1
Ψtc

2
and φ†

2
Ψtc

2
as they would reintroduce quadratic

divergences. They can be forbidden by global U(1) symmetries and are therefore not generated
by loops.

2In order for the two cut-offs for the two loops to be identical, the new physics at the
cut-off must respect the SU(3) symmetries. This is analogous to the situation in SUSY where
the boson-fermion cancellation also relies on a supersymmetric regulator/cut-off.

15

Hathor used for signal production 



Altan Cakir  |  Prospect of New Physics Searches using HL-LHC | Fermilab 2014  |  Page 40 

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
10

03
Ju

ly
20

14

ATLAS NOTE
ATL-PHYS-PUB-2014-010

July 3, 2014

Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.
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Vector Like Charge 2/3 Quark Search 

Signal topology of such events: �
•  Massive T quarks characterized by two to four vector bosons and at least two b-quarks. �
•  Single lepton à one W boson decays leptonically and all the other bosons decay to 

hadrons (categories based on jet multiplicity and b-tagged jets) �
•  Multi Lepton à at least one Z boson or at least two W bosons decay leptonically 

(categories based on multiplicity and charged of leptons ) 

CMS-PAS-FTR-13-026 (ECFA 2013) 

6 5 Conclusion
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Figure 3: Distributions of HT for `+ �3 jets with at least one W-jet in four different b-tagged
jet categories: zero b-jets (top left), one b-jet (top right), two b-jets (bottom left), three or more
b-jets (bottom right).

jet-substructure algorithms for efficiently identifying merged jets with large pT may lead to a
significant increase in the sensitivity for heavy new particle searches.

5 Conclusion

A sensitivity study of the prospects for searching for heavy vector-like charge 2/3 quarks with
the upgraded CMS detector has been performed. With 3000 fb�1 of proton-proton collision
data collected at

p
s = 14 TeV with an average of 140 pileup interactions per bunch crossing,

the mass reach for the discovery of a heavy T quark at 3s and 5s level is expected to be 1.65 TeV,
and 1.48 TeV, respectively. The 95% C.L. exclusion reach is expected to be around 1.85 TeV, a
factor of 2.6 larger compared to the current exclusion below 700 GeV. This result would have
a significant impact on our understanding of the implications of a light Higgs at 126 GeV on
composite Higgs models, since light top partners with masses around a few TeV are essential
for a moderate level of tuning.
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Figure 3: Distributions of HT for `+ �3 jets with at least one W-jet in four different b-tagged
jet categories: zero b-jets (top left), one b-jet (top right), two b-jets (bottom left), three or more
b-jets (bottom right).

jet-substructure algorithms for efficiently identifying merged jets with large pT may lead to a
significant increase in the sensitivity for heavy new particle searches.

5 Conclusion

A sensitivity study of the prospects for searching for heavy vector-like charge 2/3 quarks with
the upgraded CMS detector has been performed. With 3000 fb�1 of proton-proton collision
data collected at

p
s = 14 TeV with an average of 140 pileup interactions per bunch crossing,

the mass reach for the discovery of a heavy T quark at 3s and 5s level is expected to be 1.65 TeV,
and 1.48 TeV, respectively. The 95% C.L. exclusion reach is expected to be around 1.85 TeV, a
factor of 2.6 larger compared to the current exclusion below 700 GeV. This result would have
a significant impact on our understanding of the implications of a light Higgs at 126 GeV on
composite Higgs models, since light top partners with masses around a few TeV are essential
for a moderate level of tuning.
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Figure 6: Expected sensitivity for a T quark pair production signal in the single-lepton+jets
channels only. The solid lines represent the 95% C.L. limits, 5s discovery reach and the 3s
discovery reach as a function of the T quark mass.
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Figure 7: Expected sensitivity for a T quark pair production signal in the combined multilepton
and single-lepton+jets sample. The 95% C.L. limits, 5s discovery reach and the 3s discovery
reach are shown as a function of the T quark mass.
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Figure 4: Distributions of HT for `+ �4 jets in four different b-tagged jet categories: zero b-jets
(top left), one b-jet (top right), two b-jets (bottom left), three or more b-jets (bottom right).
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Figure 5: Expected sensitivity for a T quark pair production signal in the multilepton chan-
nels only. The 95% C.L. limits, 5s discovery reach and the 3s discovery reach are shown as a
function of the T quark mass.
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Ø  The mass reach for the discovery of a heavy T quark at 3σ and 
5σ level is expected to be 1.65 TeV and 1.48 TeV, respectively. �

�
Ø  A light Higgs at 126 GeV on composite Higgs model à light top 

partners with masses around few TeV are essential for a 
moderate level of tuning �



Altan Cakir  |  Prospect of New Physics Searches using HL-LHC | Fermilab 2014  |  Page 42 

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
10

03
Ju

ly
20

14

ATLAS NOTE
ATL-PHYS-PUB-2014-010

July 3, 2014

Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Search for ttbar resonances 

Signal topology of ttbar resonances: �
Ø  Final state with di-lepton and single lepton �

•  Leptonic ttbar: clean final state but more difficult 
reconstruction of ttbar invariant mass�

•  Semi-leptonic ttbar: more complete reconstruction, 
but higher background �

ATLAS-PHYS-PUB-2013-006 (ECFA 2013) 
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Figure 1: The reconstructed resonance mass spectrum (left) and limits (right) for the gKK → tt̄ search in

the lepton+jets channel with 3000 fb−1 for pp collisions at
√

s = 14 TeV. The highest-mass bin includes

the overflow.
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Figure 2: The reconstructed resonance HT spectrum (left) and limits (right) for the gKK → tt̄ search in

the dilepton channel with 3000 fb−1 for pp collisions at
√

s = 14 TeV. The highest-HT bin includes the

overflow.

5.1 Introduction

In our sensitivity studies of the Z′ boson, we have separated the dielectron and dimuon channels since

their momentum resolutions scale differently with pT and the detector acceptances are different. The

background is dominated by the SM Drell-Yan production, while tt̄ and diboson backgrounds are sub-

stantially smaller. Therefore, only the Drell-Yan background is considered in this study. There is an

additional background from non-prompt electrons due to photon conversions which needs to be sup-

pressed in the dielectron channel. We assume that the required rejection of this background will be

achieved with the upgraded detector.

5.2 Event Selection

Events are considered Z′ → ℓℓ candidates provided they meet the following criteria:

• Exactly two selected same-flavor leptons

• At least one selected lepton must fire the trigger

• Z′ → µµ candidate events must have two opposite-sign muons.

4

model 300 fb−1 1000 fb−1 3000 fb−1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)

Z′
topcolor

3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 1: Summary of the expected limits for gKK → tt̄ and Z′
topcolor

→ tt̄ searches in the lepton+jets

(dilepton) channel for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.

4.3 Dilepton Event Selection

Events are considered tt̄ candidates in the dilepton channel provided they meet the following criteria:

• Exactly two selected opposite-sign leptons

• At least one lepton must fire the trigger

• At least two selected anti-kt jets with R = 0.4 (b-jets)

• Emiss
T
> 60 GeV

In order to reduce the Z+jets background, the dilepton system is required to have an invariant mass

outside of the Z mass window (81 GeV < mℓℓ < 101 GeV) if the leptons are of the same flavor.

4.4 Statistical Analysis

In the lepton+jets (dilepton) channel the statistical analysis is performed by constructing templates of

the mtt̄ (HT ) distribution for background plus varying amounts of signal at different resonance masses

and cross sections. Here HT is defined as the scalar sum of the transverse momenta of the two selected

leptons, the two leading jets, and the Emiss
T

. The likelihood function is defined as the Poisson probability

product over all bins for the pseudo-data given the expectation in each bin.

In the lepton+jets channel, the W+jets background normalization is given by the theory cross section,

while the tt̄ background is floated and is effectively constrained by the low-mtt̄ region. Similarly, in the

dilepton channel the Z+jets and diboson background normalizations are given by the theory cross section,

while the tt̄ background is constrained by the low-HT region. The resulting expected limits in the absence

of signal, which we quote as a measure of sensitivity using statistical errors only, are shown in Table 1.

The mtt̄ (HT ) distribution and the resulting limits as a function of the gKK pole mass for the lep-

ton+jets (dilepton) channel is shown in Figure 3 (Figure 2). The increase of a factor of ten in integrated

luminosity raises the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

5 Search for Dilepton Resonances

model 300 fb−1 1000 fb−1 3000 fb−1

Z′S S M → ee 6.5 7.2 7.8

Z′S S M → µµ 6.4 7.1 7.6

Table 2: Summary of the expected limits for Z′S S M → ee and Z′S S M → µµ searches in the Sequential

Standard Model for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.

3

model 300 fb−1 1000 fb−1 3000 fb−1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)
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4.3 Dilepton Event Selection

Events are considered tt̄ candidates in the dilepton channel provided they meet the following criteria:

• Exactly two selected opposite-sign leptons

• At least one lepton must fire the trigger

• At least two selected anti-kt jets with R = 0.4 (b-jets)

• Emiss
T
> 60 GeV

In order to reduce the Z+jets background, the dilepton system is required to have an invariant mass

outside of the Z mass window (81 GeV < mℓℓ < 101 GeV) if the leptons are of the same flavor.

4.4 Statistical Analysis

In the lepton+jets (dilepton) channel the statistical analysis is performed by constructing templates of

the mtt̄ (HT ) distribution for background plus varying amounts of signal at different resonance masses

and cross sections. Here HT is defined as the scalar sum of the transverse momenta of the two selected

leptons, the two leading jets, and the Emiss
T

. The likelihood function is defined as the Poisson probability

product over all bins for the pseudo-data given the expectation in each bin.

In the lepton+jets channel, the W+jets background normalization is given by the theory cross section,

while the tt̄ background is floated and is effectively constrained by the low-mtt̄ region. Similarly, in the

dilepton channel the Z+jets and diboson background normalizations are given by the theory cross section,

while the tt̄ background is constrained by the low-HT region. The resulting expected limits in the absence

of signal, which we quote as a measure of sensitivity using statistical errors only, are shown in Table 1.

The mtt̄ (HT ) distribution and the resulting limits as a function of the gKK pole mass for the lep-

ton+jets (dilepton) channel is shown in Figure 3 (Figure 2). The increase of a factor of ten in integrated

luminosity raises the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.
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Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Search for di-lepton resonances 

Signal topology of ttbar resonances: �
Ø  Exactly two selected same flavor leptons�
Ø  Z`àmumu candidate events must have two 

opposite-sign muons �

ATLAS-PHYS-PUB-2013-006 (ECFA 2013) 
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5.3 Statistical Analysis

This study employs the same statistical analysis used for the tt̄ studies above. Templates of the mℓℓ
spectrum are constructed for the background plus varying amounts of signal at different resonance masses

5

model 300 fb−1 1000 fb−1 3000 fb−1

gKK 4.3 (4.0) 5.6 (4.9) 6.7 (5.6)

Z′
topcolor

3.3 (1.8) 4.5 (2.6) 5.5 (3.2)

Table 1: Summary of the expected limits for gKK → tt̄ and Z′
topcolor

→ tt̄ searches in the lepton+jets

(dilepton) channel for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.

4.3 Dilepton Event Selection

Events are considered tt̄ candidates in the dilepton channel provided they meet the following criteria:

• Exactly two selected opposite-sign leptons

• At least one lepton must fire the trigger

• At least two selected anti-kt jets with R = 0.4 (b-jets)

• Emiss
T
> 60 GeV

In order to reduce the Z+jets background, the dilepton system is required to have an invariant mass

outside of the Z mass window (81 GeV < mℓℓ < 101 GeV) if the leptons are of the same flavor.

4.4 Statistical Analysis

In the lepton+jets (dilepton) channel the statistical analysis is performed by constructing templates of

the mtt̄ (HT ) distribution for background plus varying amounts of signal at different resonance masses

and cross sections. Here HT is defined as the scalar sum of the transverse momenta of the two selected

leptons, the two leading jets, and the Emiss
T

. The likelihood function is defined as the Poisson probability

product over all bins for the pseudo-data given the expectation in each bin.

In the lepton+jets channel, the W+jets background normalization is given by the theory cross section,

while the tt̄ background is floated and is effectively constrained by the low-mtt̄ region. Similarly, in the

dilepton channel the Z+jets and diboson background normalizations are given by the theory cross section,

while the tt̄ background is constrained by the low-HT region. The resulting expected limits in the absence

of signal, which we quote as a measure of sensitivity using statistical errors only, are shown in Table 1.

The mtt̄ (HT ) distribution and the resulting limits as a function of the gKK pole mass for the lep-

ton+jets (dilepton) channel is shown in Figure 3 (Figure 2). The increase of a factor of ten in integrated

luminosity raises the sensitivity to high-mass tt̄ resonances by up to 2.4 TeV.

5 Search for Dilepton Resonances

model 300 fb−1 1000 fb−1 3000 fb−1

Z′S S M → ee 6.5 7.2 7.8

Z′S S M → µµ 6.4 7.1 7.6

Table 2: Summary of the expected limits for Z′S S M → ee and Z′S S M → µµ searches in the Sequential

Standard Model for pp collisions at
√

s = 14 TeV. All limits are quoted in TeV.
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Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Search for Heavy Gauge bosons via di-leptons  

6.2 Searches for Monoleptons+MET 27
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Figure 23: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

including 90% geometrical acceptance. The primary source of background is the off-peak, high
transverse mass tail of the Standard Model W ! `n decays. Other backgrounds are negligible
at high MT, which is the dominant region to set the upper limits on the model parameters.
The background predictions are based on simulations up to very high transverse masses. Both
signal and background are generated using MADGRAPH 4.5.1.

The signal parameter in case of a discovery is determined using the profile likelihood method
by generating toy experiments. To assume a discovery, the median likelihood is required to be
less than 5s. The electron and muon channel are treated separately and their likelihoods are
combined.
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Figure 24: Projection of the 5s discovery reach for
p

s = 14 TeV for the sequential standard
model W0 .

The resulting discovery sensitivity on the W0 mass as a function of integrated luminosity is

CMS-NOTE-13-002 (Snowmass 2013) 

Signal topology of Z` searches: �
•  Di-lepton pairs - electron (muon) pT > 35 (45) GeV and |η| < 2.5 (2.4) �
•  Electron (muon) identification efficiency 88 (85)% taken from 8 TeV analysis�
•  Use ECAL barrel and endcap regions�
•  One electron must be found in barrel region �
•  Also studied is a case reduced acceptance due to degradation of the ECAL endcaps at HL-LHC �
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Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.
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Search for W` and Dark Matter 
CMS-NOTE-13-002 (Snowmass 2013) 

Signal topology of W` searches (SSM W` and dark matter effective theory): �
•  High pT lepton and missing energy�
•  W` considered to be heavy analog of W boson �
•  Dark matter model à a pair of dark matter particles are produced in association with a lepton 

and a neutrino deriving from an intermediate SM W �
•  The signal efficiency 60 (10) % in the case of constructive (destructive) interference (8 TeV) �
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Figure 23: The minimum cross section times branching ratio for discovery as function of dielec-
tron (left) and dimuon (right) mass for various luminosity scenarios. For the dielectron search,
various luminosity and detector scenarios are considered, where the “EB-EB only” lines repre-
sent the reduced acceptance scenario in which electrons are reconstructed in the ECAL barrel
only.

including 90% geometrical acceptance. The primary source of background is the off-peak, high
transverse mass tail of the Standard Model W ! `n decays. Other backgrounds are negligible
at high MT, which is the dominant region to set the upper limits on the model parameters.
The background predictions are based on simulations up to very high transverse masses. Both
signal and background are generated using MADGRAPH 4.5.1.

The signal parameter in case of a discovery is determined using the profile likelihood method
by generating toy experiments. To assume a discovery, the median likelihood is required to be
less than 5s. The electron and muon channel are treated separately and their likelihoods are
combined.
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Figure 24: Projection of the 5s discovery reach for
p

s = 14 TeV for the sequential standard
model W0 .

The resulting discovery sensitivity on the W0 mass as a function of integrated luminosity is

28 6 Discovery Potential: Exotic New Particles

shown in Fig. 24 for the combination of electron and muon channels. Given 3000 fb�1 of data,
it is possible to discover a W0 with a mass up to 6 TeV. For high masses the sensitivity is affected
by the center-of-mass energy due to the growing fraction of W0 bosons produced off-shell. The
extrapolation assumes that lepton reconstruction and, in particular, isolation efficiency are not
affected by increased pile-up, based on the observation of flat efficiency in events from data
with up to 50 vertices. The W0 cross sections are NNLO with a mass dependent k-factor.

The same event selection optimized for SSM W0 can be used to search for pair-produced dark
matter particles. Detailed studies at 8 TeV using this method have shown the signal efficiency
to be 60% (10%) in the case of constructive (destructive) interference [55]. Applying this same
procedure to the 14 TeV lepton + Emiss

T final state, the discovery reach relative to L, the scale of
the effective interaction for associated dark matter pair production, is shown in Fig. 25. Signals
with L < 1.4 TeV could be discovered in the case of destructive interference (x = +1) with
an integrated luminosity of 3000 fb�1. For x = �1, values up to L = 2.3 TeV lie within the
sensitivity of the experiment. The discovery reach on the parameter L can be translated to
a nucleon cross section as shown in Fig. 25 (right) for M

c

= 10 GeV considering a vector or
axial-vector coupling.

-1Luminosity / fb
0 500 1000 1500 2000 2500 3000

 (T
eV

)
Λ

1

1.5

2

2.5

3
=-1 signal efficiency 60%ξ

=+1, signal efficiency 10%ξ

 = 14TeVsCMS projection      
 + METµDark matter, e + MET, 

 discovery thresholdσ5

-1Luminosity / fb
0 500 1000 1500 2000 2500 3000

)2
 (c

m
σ

-n
uc

le
on

 
χ

-4110

-4010

-3910

-3810 =+1,  signal efficiency 10%ξV,  
=-1,  signal efficiency 60%ξAV,  
=+1,  signal efficiency 10%ξAV,  

=-1,  signal efficiency 60%ξV,  

 = 14TeVsCMS projection      
 = 10 GeV
χ

 + MET,  MµDark matter,  e + MET,  
 discovery thresholdσ5

Figure 25: Projection of the discovery reach on L (left) and the dark matter-nucleon cross sec-
tion (right) for the pair-produced dark matter model at

p
s = 14 TeV and a variety of luminosity

scenarios. The discovery threshold is 5s.

6.3 Searches for Heavy Stable Charged Particles

CMS has conducted searches for heavy stable charged particles (HSCP) produced in pp colli-
sions at

p
s = 7 and 8 TeV, with integrated luminosities of 5.0 fb�1 and 18.8 fb�1 respectively,

the results of which are presented in [56]. These searches present the most stringent limits to
date on long-lived gluinos, scalar top quarks, and scalar t leptons. The signatures utilized in-
clude long time-of-flight to the outer muon system and anomalously large energy deposition in
the inner tracker, and the existing results are presented for each separately and in combination.

The sensitivity of these searches in the HL-LHC era is projected by scaling the results of the
8 TeV searches. Unlike many conventional searches, where backgrounds arise from irreducible
physical processes, the background to these searches comes primarily from instrumental ef-
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The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.
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Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Search for Heavy Stable Charged Particles  
CMS-NOTE-13-002 (Snowmass 2013) 

6.3 Searches for Heavy Stable Charged Particles 29

fects. It is therefore assumed that the backgrounds scale linearly with integrated luminosity,
resulting in a constant signal over background ratio. By scaling the signal yields linearly with
integrated luminosity from the 8 TeV result, a conservative assumption about the signal ac-
ceptance is introduced, since 14 TeV kinematics are expected to yield increased acceptance.
Several changes are accounted for in LHC and detector operating conditions anticipated in the
future. First, since the LHC has operated at 50 ns bunch spacing to date, the 8 TeV search
was able to utilize a wide muon trigger time window, accepting candidates that arrive one
LHC bunch-crossing after the collision. The LHC is expected to run with 25 ns bunch-spacing
from 2015 onwards, resulting in a reduced trigger time window, so the signal efficiency used
in these projections has been adjusted, based on fully simulated 8 TeV Monte-Carlo events.
Secondly, the current dE/dx measurement relies on analog readout of the CMS Tracker, which
will almost certainly not be possible after the CMS Tracker is upgraded during LS3. To ac-
count for this, the sensitivity with 3000 fb�1 is presented based on the combination of long
time-of-flight and highly ionizing signatures, corresponding to an assumption that the dE/dx
performance remains unchanged, and the sensitivity using the long time-of-flight signature
alone, corresponding to an assumption that dE/dx measurements cannot be performed with
the upgraded CMS Tracker.

These assumptions allow us to rescale the results of [56] to both higher center of mass energy
and integrated luminosity with little difficulty. The results of this exercise are presented in
terms of cross section reach defined as the cross section for which an observed signal is expected
with a significance of at least 5 standard deviations (5s). Figures 26 and 27 show the expected
reach as a function of HSCP mass for hadron-like HSCP (stops and gluinos) and for lepton-like
staus (direct and inclusive production), respectively.
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Figure 26: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the pair production of gluinos (left) and of stops (right).

The results show that the additional integrated luminosity will allow us to be sensitive to long-
lived particles produced with a cross sections at least one order of magnitude lower than what
has been excluded by [56]. It should be noted that the models considered in this search are
simple benchmarks and the search for long-lived particles even in the already excluded mass
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Figure 27: Minimum cross sections for an expected signal significance of 5 standard deviations.
The signal models considered are the direct pair production of staus (left) and direct+indirect
production of staus (right) in the context of GMSB.

range must be continued. This is because the exclusion results rely entirely on theoretical cross
section predictions made in the context of a given model (e.g., Split SUSY, GMSB), while the
analysis itself is signature-based and mostly decoupled from any given theoretical model. For
example, it is known from past studies [57] that the sensitivity to lepton-like HSCPs in Uni-
versal Extra Dimension (UED) models is significantly less due to their lower production cross
sections. The cross section limits should therefore be pushed as low as possible regardless of
the excluded mass range as interpreted in the context of a few popular benchmark models.

6.4 Search for Heavy Vector-like Charge 2/3 Quarks

Vector-like quarks differ from SM quarks in their electroweak couplings. Whereas SM quarks
have a V-A coupling to the W boson, i.e. their left and right-handed states couple differently to
the W boson, vector-like quarks have only vector coupling to the W boson. One can thus write
a mass term for them that does not violate gauge invariance without the need for a Yukawa
coupling to the Higgs boson. Vector-like quarks are predicted, for example, by Little Higgs
models [58, 59]. They can cancel the diverging contributions of top quark loops to the Higgs
boson mass offering an alternative solution to the hierarchy problem.

We search for a vector-like T quark with charge +2/3, which is pair produced together with its
antiquark in proton-proton collisions through the strong interaction. Thus its production cross
section can be calculated using perturbative QCD. The T quark can decay into three different
final states: bW, tZ, or tH. If it is an electroweak singlet the branching fractions are predicted
to be 50% into bW and 25% each into tZ and tH [60]. At low masses the tZ and tH modes are
kinematically suppressed. All T quark decays produce final states with b quarks and W bosons.
Signal events therefore have large numbers of jets from b-quarks and hadronic W, Z, or H boson
decays. For large T quark masses it becomes likely that the jets from one or more boson decay
are not resolved which gives rise to jets that have substructure and a large invariant mass.

Signal topology of the search �
•  Long lived gluinos, stops and staus �
•  various combinations of signatures in 

the inner tracker only, inner tracker 
and muon detector only�

•  long time-of-flight (TOF) to the outer 
muon system and anomalously large 
energy deposition in the inner tracker �

•  Background à instrumental effects�
•  dE/dx unchanged with the combination 

of long time-of-flight and highly 
ionizing signatures for HL-LHC �

Ø  the exclusion results rely entirely on 
theoretical cross section predictions 
made in the context of a given model�

   (Split SUSY, GMSB and UED ) �
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Summary 
q Supersymmetry and naturalness:  

o  Gluinos mass reach enhanced by 400 GeV up to  TeV, for χ1
0 with mass of up to  TeV.  

o  Squarks mass reach shows strong dependency based on gluino mass assumptions 

o  For LSP masses below ~  GeV a stop discovery would be possible up to ~  TeV 

o  For LSP masses below ~  GeV a sbottom discovery would be possible up to~  TeV 

o  Gain of ~300 GeV in chargino/neutralino mass discovery reach when going from 300 fb-1 to 3000 fb-1 

q VBF searches, dark matter and forward tracking 
o  depend crucially on forward tracking for pileup mitigation  

q Vector Boson scattering  
o  HL-LHC enhances discovery range for new higher-dimension electroweak operators by more than 

a factor of two. 

q Vector Like charge 2/3 quark: search can probe masses up to 1.5 TeV  

q Search for ttbar and dilepton resonances 
o  gain up to 50% in mass reach for KK gluons or dilepton to several TeV  

q Search for W` and heavy stable charged particles: signal efficiency and TOF importance 
are very critical for discovery  
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Conclusion and Outlook  

The results from ATLAS and CMS will continue to set the 
agenda across the energy frontier for the foreseeable future �

ü  Run-I demonstrated the excellent performance and sensitivity 
over wide range of signatures but �

•  in fact just started to test various BSM physics�
�

ü  HL-LHC era improves significantly the current boundaries and 
open an important window to new physics prospects�

o  Reduced statistical and systematic uncertainties in searches�
Ø  Improvement of detector modeling and understanding 

of background processes  �
�

o  Increased sensitivity of low cross section processes�
�
o  Probe a significant part of the interesting range of phase 

space for new physics prospects�
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The High-Lumi LHC Project 

To extend its discovery potential, the LHC will need a major upgrade around 2020 to 
increase its luminosity (rate of collisions) by a factor of 10 beyond its design value. �

A more powerful LHC (HL-LHC) would provide more accurate measurements of new particles and 
enable observation of rare processes that occur below the current sensitivity level. This would make 
it possible to detect rare events not previously witnessed, and increase our understanding of the 
energy frontier. �
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Strongly produced SUSY: Gluino Searches 

8 4 Search for gluinos decaying to top quarks and neutralinos in the single lepton final state

Table 1: Event yields for the combined electron and muon channels, as expected from simu-
lation for Njet � 6 and Nb � 4 for the Phase II Conf3 detector configuration. For the sample
names, V is used to denote W bosons, Z bosons, and photons. The column ”RCS” lists the ratio
of yields in the signal (Df(W, `) > 1) region to those in the control (Df(W, `) < 1) region.
The yields for an exemplary signal point are shown for comparison, with the gluino and LSP
masses (in GeV) listed in brackets. The uncertainties are statistical only.

Slep
T region sample Nsignal Ncontrol RCS

tt̄ 16.7±4.5 227.4±19.1 0.073095
tt̄V 0.8±0.2 18.1±4.4 0.047

450  Slep
T < 550 GeV single top 0.0±0.0 1.2±0.5 0.038

V + jets 0.0±0.0 0.0±0.0 0.000
SM all 17.5±4.5 246.7±19.6 0.071

signal(2000,300) 6.3±1.0 3.3±0.7 1.909
tt̄ 4.4±1.4 76.8±9.8 0.057

tt̄V 0.4±0.1 3.7±0.6 0.109
550  Slep

T < 650 GeV single top 0.0±0.0 0.2±0.1 0.211
V + jets 0.0±0.0 1.6±1.6 0.000
SM all 4.8±1.4 82.3±9.9 0.059

signal(2000,300) 5.1±0.9 3.8±0.8 1.360
tt̄ 0.8±0.2 29.1±5.1 0.027

tt̄V 0.1±0.0 1.6±0.4 0.055
650  Slep

T < 750 GeV single top 0.0±0.0 0.3±0.1 0.000
V + jets 0.0±0.0 0.0±0.0 0.000
SM all 0.9±0.2 31.1±5.1 0.028

signal(2000,300) 7.3±1.1 3.9±0.8 1.885
tt̄ 1.5±0.4 15.5±2.8 0.095

tt̄V 0.2±0.1 1.0±0.3 0.162
Slep

T � 750 GeV single top 0.0±0.0 0.1±0.0 0.050
V + jets 0.0±0.0 2.5±1.6 0.000
SM all 1.6±0.4 19.1±3.3 0.086

signal(2000,300) 31.6±2.2 17.6±1.6 1.803

pileup conditions, and the analysis strategy can stay the same. The search regions in Slep
T and

Nb are tighter than in the 8 TeV analysis and defined as follows:

• Slep
T : [450, 550), [550, 650), [650, 750), and � 750 GeV

• Nb: =3, �4

Table 1 shows the event yields expected from simulation for the Phase II Conf3 detector con-
figuration in the signal and control regions for events with Nb � 4, in different Slep

T bins. An
important ingredient of this analysis is the extended use of data for the estimation of the SM
background in the signal region.

The transfer factor RCS has been checked to be roughly independent of the b-jet multiplicity,
and is calculated for events with Nb = 2. This adaptation comes with the advantage of a much
smaller W + jets contamination, when compared to RCS extraction for events with Nb = 1 (as
done for the 8 TeV analysis), and has the added value of the kinematics being more similar to
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Strongly produced SUSY: Squark and gluino Searches 
ATLAS-PHYS-PUB-2014-010 (ICHEP 2014) 

Table 8: Yields for the main backgrounds and selected signal points simulated with hµi = 60, normalised to L = 300 fb�1. The signal samples samples
are normalized for the scenario with a gluino mass of 4.5 TeV.

Region SR2jl SR2jm SR3j SR4jl SR4jm SR4jt SR5j SR6jl SR6jm SR6jt
W+jets 45.0 ± 3.5 2.7 ± 0.9 11.2 ± 1.8 11.8 ± 1.8 25.7 ± 2.7 113 ± 6 30.4 ± 2.9 8.5 ± 1.5 6.3 ± 1.3 3.6 ± 1.0
Z+jets 104.4 ± 3.1 16.9 ± 1.2 43.0 ± 2.0 48.5 ± 2.1 75.9 ± 2.6 111.1 ± 3.2 74.4 ± 2.6 20.7 ± 1.4 13.0 ± 1.1 10.0 ± 1.0
tt 15.7 ± 1.8 1.6 ± 0.5 4.2 ± 0.8 5.1 ± 1.1 10.6 ± 1.5 45.9 ± 3.4 19.3 ± 2.2 5.2 ± 1.1 6.0 ± 1.2 3.4 ± 0.9
Diboson 18.4 ± 1.7 2.4 ± 0.5 6.5 ± 0.9 7.3 ± 1.0 12.5 ± 1.3 30.0 ± 2.4 13.8 ± 1.5 3.8 ± 0.8 2.8 ± 0.7 1.9 ± 0.5
Total background 183 ± 5 23.6 ± 1.7 64.9 ± 2.9 72.6 ± 3.1 125 ± 4 300 ± 8 138 ± 5 38.3 ± 2.5 28.1 ± 2.2 18.8 ± 1.7
mg̃ = 1950 GeV 68.8 ± 0.6 12.48 ± 0.27 35.4 ± 0.5 18.41 ± 0.33 70.6 ± 0.7 102.4 ± 0.8 83.4 ± 0.7 25.6 ± 0.4 44.6 ± 0.5 35.4 ± 0.5
m�̃0

1
= 1 GeV

mg̃ = 1425 GeV 12.6 ± 1.2 3.7 ± 0.6 8.5 ± 1.0 7.5 ± 0.9 8.1 ± 0.9 6.2 ± 0.8 4.7 ± 0.7 1.6 ± 0.4 1.05 ± 0.33 1.05 ± 0.33
m�̃0

1
= 1400 GeV

mq̃ = 1050 GeV 2.5 ± 1.1 1.5 ± 0.9 2.0 ± 1.0 3.5 ± 1.3 6.4 ± 1.8 4.0 ± 1.4 7.4 ± 1.9 3.5 ± 1.3 1.5 ± 0.9 1.5 ± 0.9
m�̃0

1
= 900 GeV

mq̃ = 2250 GeV 141.7 ± 0.9 60.1 ± 0.6 82.1 ± 0.7 39.2 ± 0.5 59.3 ± 0.6 58.9 ± 0.6 28.4 ± 0.4 7.84 ± 0.21 8.00 ± 0.21 7.57 ± 0.20
m�̃0

1
= 1 GeV

16

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
ve

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
4 jets, E

 > 0.4 eff/m
miss
TE

 = 60〉µ〈, 
-1

L dt = 300 fb∫
) = 1

0

1
χ∼) = 1950, m(g

~
m(

) = 1400
0

1
χ∼) = 1425, m(g

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(a) 4jl, 300 fb�1

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
ve

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

6
10

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
4 jets, E

 > 0.35 eff/m
miss
TE

 = 140〉µ〈, 
-1

L dt = 3000 fb∫
) = 1

0

1
χ∼) = 1950, m(g

~
m(

) = 1400
0

1
χ∼) = 1425, m(g

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(b) 4jl, 3000 fb�1

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
ve

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
6 jets, E

 > 0.2 eff/m
miss
TE

 = 60〉µ〈, 
-1

L dt = 300 fb∫
) = 1

0

1
χ∼) = 1950, m(g

~
m(

) = 1400
0

1
χ∼) = 1425, m(g

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(c) 6jt, 300 fb�1

 (incl.) (GeV)effm

0 1000 2000 3000 4000 5000 6000

E
ve

n
ts

 /
 5

0
 G

e
V

1

10

210

3
10

410

5
10

6
10

 Simulation PreliminaryATLAS

 > 160 GeV
miss

T
6 jets, E

 > 0.15 eff/m
miss
TE

 = 140〉µ〈, 
-1

L dt = 3000 fb∫
) = 1

0

1
χ∼) = 1950, m(g

~
m(

) = 1400
0

1
χ∼) = 1425, m(g

~
m(

SM Total

Z+jets

W+jets

 and single toptt

Diboson

(d) 6jt, 3000 fb�1

Figure 7: Distributions in me↵ for two benchmark signals models - one with mg̃ = 1950 GeV and m�̃0
1
= 1

GeV, the other with mg̃ = 1425 GeV and m�̃0
1
= 1400 GeV. The signal regions shown are 4jl (top) and 6jt

(bottom) for 300 fb�1 (left) and 3000 fb�1 (right). All selection cuts are applied besides those on me↵ .
The arrows indicate the final cuts on me↵ for the chosen signal regions.

13



Altan Cakir  |  Prospect of New Physics Searches using HL-LHC | Fermilab 2014  |  Page 53 

A
TL

-P
H

Y
S-

PU
B-

20
14

-0
10

03
Ju

ly
20

14

ATLAS NOTE
ATL-PHYS-PUB-2014-010

July 3, 2014

Search for Supersymmetry at the high luminosity LHC with the ATLAS
Detector.

The ATLAS Collaboration

Abstract

The current searches at the LHC have yielded sensitivity to TeV scale gluinos and first
and second generation squarks, as well as to third generation squarks and electro-weakinos
in the hundreds of GeV mass range. The reach at the high-luminosity phase of the LHC
is expected to significantly extend beyond the current limits. This document presents ex-
ample benchmark studies for gluino pair production, first and secoond generation squark
production, bottom squark pair production and chargino-neutralino production with a pa-
rameterised simulation of the ATLAS detector at a centre-of-mass energy of 14 TeV. Results
are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Strongly produced SUSY: Squark and gluino Searches 
ATLAS-PHYS-PUB-2014-010 (ICHEP 2014) 

Table 9: Yields for the main backgrounds and selected signal points simulated with hµi = 140, normalised to L = 3000 fb�1. The signal samples
samples are normalized for the scenario with a gluino mass of 4.5 TeV.

Region SR2jl SR2jm SR3j SR4jl SR4jm SR4jt SR5j SR6jl SR6jm SR6jt
W+jets 8 ± 5 5 ± 4 38 ± 10 8 ± 5 14 ± 6 101 ± 17 14 ± 6 25 ± 8 11 ± 5 0.00 ± 0.00
Z+jets 51 ± 7 51 ± 7 185 ± 13 78 ± 8 127 ± 11 125 ± 11 65 ± 8 85 ± 9 29 ± 5 3.6 ± 1.8
tt 9 ± 4 9 ± 4 20 ± 5 7.0 ± 3.1 18 ± 6 37 ± 9 11 ± 4 17 ± 5 3.5 ± 2.1 1.4 ± 1.4
Diboson 7.6 ± 3.1 7.2 ± 2.9 10.4 ± 3.4 18 ± 5 29 ± 7 9.9 ± 3.5 14 ± 4 4.8 ± 2.6 0.6 ± 0.8
Total background 76 ± 10 72 ± 9 269 ± 18 104 ± 11 176 ± 14 292 ± 23 99 ± 11 141 ± 14 48 ± 8 5.6 ± 2.4
mg̃ = 1950 GeV 55.8 ± 1.8 43.4 ± 1.6 163.9 ± 3.1 75.2 ± 2.1 191.0 ± 3.4 159.1 ± 3.1 152.7 ± 3.0 257 ± 4 73.4 ± 2.1 36.0 ± 1.5
m�̃0

1
= 1 GeV

mg̃ = 1425 GeV 10.5 ± 3.3 15 ± 4 48 ± 7 19 ± 4 23 ± 5 8.4 ± 3.0 14 ± 4 7.4 ± 2.8 5.3 ± 2.4 0.00 ± 0.00
m�̃0

1
= 1400 GeV

mq̃ = 1050 GeV 5 ± 5 10 ± 7 15 ± 9 10 ± 7 15 ± 9 15 ± 9 10 ± 7 25 ± 11 5 ± 5 5 ± 5
m�̃0

1
= 900 GeV

mq̃ = 2250 GeV 186 ± 3 208.2 ± 3.4 558 ± 6 254 ± 4 320 ± 4 182.6 ± 3.2 136.4 ± 2.7 75.2 ± 2.0 50.9 ± 1.7 13.6 ± 0.9
m�̃0

1
= 1 GeV
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Figure 8: Distributions in me↵ for two benchmark signals models where the gluino mass is set to 4.5 TeV
- one with mq̃ = 1050 GeV and m�̃0

1
= 900 GeV, the other with mq̃ = 2250 GeV and m�̃0

1
= 1 GeV.

The signal regions shown are 2jm (top) and 4jl (bottom) for 300 fb�1 (left) and 3000 fb�1 (right). All
selection cuts are applied besides those on me↵ . The arrows indicate the final cuts on me↵ for the chosen
signal regions.
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Third generation SUSY: direct stop searches 
ATLAS-PHYS-PUB-2013-011 (ECFA 2013) 

300 fb�1 3000 fb�1

mstop (GeV) Emiss
T (GeV) mT (GeV) Emiss

T (GeV) mT (GeV)
500 350 250 400 250
600 400 300 450 300
700 500 350 500 350
800 550 350 550 350
900 600 400 600 400

1000 650 500 700 500
1100 700 500 750 550
1200 750 500 800 550
1300 750 500 800 550
1400 750 500 800 550
1500 750 500 800 550

Table 1: Minimum requirements on Emiss
T and mT for the stop search in the 1-lepton channel as a function

of the stop mass, for integrated luminosities of 300 fb�1and 3000 fb�1.

(800,100) (1100,100)

tt̄ 257±25 6.6±3.8
tt̄+W 15±2 0.9±0.5
tt̄+Z 71±7 8.5±2.3

W+jets 41±11 5.4±3.8

Total bkg 385±28 21.4±5.9

Signal 880±18 55.7±1.5

Table 2: Numbers of events for background and two representative signal points for the 1-lepton stop
analysis for an integrated luminosity of 3000 fb�1. The column headings indicate the masses of the stop
and of the LSP, m(t̃, �̃0

1), in GeV. The selection criteria are optimized to these masses. Estimates are
based on MC only and uncertainties are statistical only.

2.3.2 0-lepton channel optimization

The strategy in the 0-lepton channel follows closely the one adopted in Ref. [26]. The event selection is
made orthogonal to the 1-lepton analysis by requiring that events contain no leptons. Events containing
electrons (muons) with pT> 20(10) GeV and |⌘| < 2.5(2.4) are rejected. Six or more jets with pT>
80, 80, 35, 35, 35, 35 GeV and |⌘| < 2.5 are required, and two or more jets are required to be b-tagged.
The minimum azimuthal separation between any of the three highest pT jets and the direction of the
missing transverse momentum is required to be greater than 0.2⇡. Top quarks are reconstructed in the
same manner as was used for the hadronic top in the 1-lepton channel. Two tops are required, with the
three-jet masses required to be between 80 and 270 GeV.

The main observables used to define the signal regions are:

• the missing transverse momentum, Emiss
T ;

• the transverse mass variable, mb
T =

q
2 ⇥ pT,b ⇥ Emiss

T ⇥ (1 � cos(��)) where �� is the angular
separation of Emiss

T and the b-tagged jet closest in azimuth to the Emiss
T .

6

(800,100) (1100,100)

tt̄ 69±13 5.7±3.4
tt̄+W 5±1 0.8±0.6
tt̄+Z 38±5 3.9±1.5

W+jets 3±3 negligible
Z+jets 14±4 1.8±1.3

Total bkg 129±15 12.2±3.9

Signal 457±13 46.0±1.4

Table 4: Numbers of events for background and two representative signal points in the 0-lepton channel
stop search for an integrated luminosity of 3000 fb�1. The column headings indicate the masses of the
stop and of the LSP, m(t̃, �̃0

1), in GeV. The selection criteria are optimized for the di↵erent stop masses.
Estimates are based on MC only and uncertainties are statistical only.

In order for a signal point to be excluded at least five signal events are required to remain after the
selection.

Figure 5 shows the discovery and exclusion potential for the combination of 1-lepton and 0-lepton
analyses. The signal and background events of the two analyses were added for the combination. For
LSP masses below approximately 200 GeV a stop discovery at 5� would be possible with 3000 fb�1for
stop masses up to approximately 1.2 TeV, assuming a branching ratio of t̃ ! t+ �̃0

1 of 100%. For a signal
uncertainty of 20% (uncorrelated with the background uncertainty) the limits change by about 50 GeV.
The discovery reach is extended by approximately 200 GeV by increasing the integrated luminosity from
300 fb�1to 3000 fb�1.

Several limitations of this study should be noted. The application of a tau veto [27, 28], not simulated
in this study, will help to improve the signal-to-background ratio. For highly compressed scenarios, a
more sophisticated analysis utilizing, for example, the information on the shape of the two-dimensional
distribution of mT versus Emiss

T [27] is required. Other discriminating variables, such as those employed
in Ref. [27], could further increase the sensitivity. For large stop masses, the sensitivity can be improved
with better top reconstruction techniques for boosted top quarks.

3 Search for the associated production of �̃±1 and �̃0
2

Based on naturalness arguments the �̃±1 , �̃0
2, and �̃0

1 are also expected to have masses in the hundreds of
GeV range [24, 25] and are potentially within reach of the LHC. The cross-section of �̃±1 -�̃0

2 associated
production ranges from 1000 fb to 1 fb for masses between 200 GeV and 600 GeV and can dominate the
SUSY production in scenarios with heavy squarks and gluinos. In this study both �̃±1 and �̃0

2 are assumed
to be wino-like while the �̃0

1 is bino-like. The �̃±1 and �̃0
2 masses are assumed to be equal. The �̃±1 is

assumed to decay as �̃±1 ! W±(⇤)�̃0
1 and the �̃0

2 as �̃0
2 ! Z(⇤) �̃0

1 with 100% branching ratio. The final
state can contain three leptons and missing transverse momentum as shown in Figure 6.

3.1 Background Processes

The background for a signal with three leptons and large Emiss
T is dominated by the irreducible processes

WZ(⇤), tribosons and tt̄ + Z/W. The reducible process tt̄ is also an important background, mimicking the
signal when one of the b-quarks in the event decays semileptonically and is mis-identified as a prompt
isolated lepton.

8

1-lepton channel 0-lepton channel 
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are shown for an integrated luminosity of 300 and 3000 fb�1.

c� Copyright 2014 CERN for the benefit of the ATLAS Collaboration.
Reproduction of this article or parts of it is allowed as specified in the CC-BY-3.0 license.

Third generation SUSY: direct sbottom searches 
ATLAS-PHYS-PUB-2014-010 (ICHEP 2014) 

5.1 Signal regions for bottom squark pair production

The 8 TeV analysis considered signal regions with mCT thresholds up to 350 GeV. Here, signal regions
with higher thresholds are considered. The remainder of the signal region definition is retained and is
summarised in Table 10. As for the 8 TeV analysis, ��min is defined as the minimum azimuthal distance,
��, between any of the three leading jets and the pmiss

T vector. The ��min > 0.4 requirement is designed
to reject QCD multijet events with large Emiss

T resulting from a mis-measured jet. In this study, the QCD
multijet background is assumed to be negligible as seen in the 8 TeV analysis using a data-driven method.
The me↵(2) variable is the scalar sum of the pT of the two leading jets and the Emiss

T .
Figure 12 shows the mCT distribution after the selection in Table 10 but before any cut on mCT. An

optimisation of the signal region was performed by scanning over various cut thresholds for the leading
jet pTs, the Emiss

T and mCT .
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Figure 12: Distribution of the mCT for 300 fb�1 for three signal points and the SM backgrounds.

Table 10: Summary of selection requirements for the bottom squark pair production signal regions.

Selection SRx

Lepton veto No e/µ with pT > 7(6) GeV for e(µ)
Emiss

T > 150 GeV
Leading jet pT( j1) > 130 GeV

Third jet pT( j3) veto if > 50 GeV
b-tagging leading 2 jets

(pT > 50 GeV, |⌘| < 2.5)
��min > 0.4

Emiss
T /me↵(2) Emiss

T /me↵(2) > 0.25
mCT > x GeV
mbb > 200 GeV

20

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
(mb̃1
,m�̃0

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

(mb̃1
,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

(mb̃1
,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 mb̃1
� 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).

21

5.1 Signal regions for bottom squark pair production

The 8 TeV analysis considered signal regions with mCT thresholds up to 350 GeV. Here, signal regions
with higher thresholds are considered. The remainder of the signal region definition is retained and is
summarised in Table 10. As for the 8 TeV analysis, ��min is defined as the minimum azimuthal distance,
��, between any of the three leading jets and the pmiss

T vector. The ��min > 0.4 requirement is designed
to reject QCD multijet events with large Emiss

T resulting from a mis-measured jet. In this study, the QCD
multijet background is assumed to be negligible as seen in the 8 TeV analysis using a data-driven method.
The me↵(2) variable is the scalar sum of the pT of the two leading jets and the Emiss

T .
Figure 12 shows the mCT distribution after the selection in Table 10 but before any cut on mCT. An

optimisation of the signal region was performed by scanning over various cut thresholds for the leading
jet pTs, the Emiss

T and mCT .
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Table 10: Summary of selection requirements for the bottom squark pair production signal regions.

Selection SRx

Lepton veto No e/µ with pT > 7(6) GeV for e(µ)
Emiss

T > 150 GeV
Leading jet pT( j1) > 130 GeV

Third jet pT( j3) veto if > 50 GeV
b-tagging leading 2 jets

(pT > 50 GeV, |⌘| < 2.5)
��min > 0.4

Emiss
T /me↵(2) Emiss

T /me↵(2) > 0.25
mCT > x GeV
mbb > 200 GeV
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Electroweak production of SUSY particles 
CMS-PAS-FTR-13-014 (ECFA 2013) 

12 6 Dark matter search in vector boson fusion processes

Table 2: Standard model background predictions for the different scenarios at 3000 fb�1.

Phase I Phase I Phase II Conf3
Selection in GeV hPUi=0 hPUi=140 hPUi=140

yield ± uncert. yield ± uncert. yield ± uncert.
0 <MT < 120 0 <ET/ < 60 (7.3 ± 0.7)⇥105 (8.0 ± 1.2)⇥ 105 (9.3 ± 1.2)⇥ 105

0 <MT < 120 60 <ET/ < 120 (1.8 ± 0.2)⇥105 (8.4 ± 1.2)⇥ 105 (9.3 ± 1.1)⇥ 105

0 <MT < 120 120 <ET/ < • (5.6 ± 0.8)⇥104 (3.3 ± 0.7)⇥ 105 (3.3 ± 0.7)⇥ 105

120 <MT < 200 0 <ET/ < 120 (7.9 ± 0.8)⇥103 (7.7 ± 0.7)⇥ 104 (8.2 ± 0.7)⇥ 104

120 <MT < 200 120 <ET/ < 200 (1.2 ± 0.2)⇥103 (4.0 ± 0.7)⇥ 104 (4.3 ± 0.7)⇥ 104

120 <MT < 200 200 <ET/ < • 359 ± 84 (5.7 ± 2.3)⇥ 103 (4.8 ± 2.1)⇥ 103

200 <MT < 400 0 <ET/ < 200 (2.3 ± 0.2)⇥103 (1.5 ± 0.2)⇥ 104 (1.5 ± 0.2)⇥ 104

200 <MT < 400 200 <ET/ < 400 303 ± 52 (1.6 ± 0.5)⇥ 103 (1.4 ± 0.5)⇥ 103

200 <MT < 400 400 <ET/ < • 24 ± 4 69 ± 35 39 ± 12
400 <MT < 700 0 <ET/ < 300 249 ± 24 395 ± 58 390 ± 42
400 <MT < 700 300 <ET/ < 700 67 ± 13 95 ± 19 100 ± 24
400 <MT < 700 700 <ET/ < • 1.1 ± 0.4 1.3 ± 0.5 1.4 ± 0.4
700 <MT < • 0 <ET/ < 400 30 ± 3 27 ± 3 27 ± 3
700 <MT < • 400 <ET/ < 900 32 ± 5 31 ± 5 30 ± 5
700 <MT < • 900 <ET/ < • 1.4 ± 0.4 1.5 ± 0.5 1.2 ± 0.4
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Figure 8: 5s discovery reach for the simplified model describing the direct production of
charginos and neutralinos, that decay to 100% via a W and Z boson for 3000 fb�1 (left), for
a mean of 140 pileup events with the upgraded Phase II detector (solid magenta line), and also
for zero pileup with the Phase I detector (black solid line). Results for 300 fb�1 with zero pileup
are displayed as dashed lines. A c0

2 ! Zc0
1 branching ratio of 100% may be not realistic. To

illustrate the migration of the discovery reach due to a smaller branching ratio, we show here
for illustration the result for a branching ratio of 50% as well (right).

6 Dark matter search in vector boson fusion processes

Vector boson fusion processes [5, 6] at the LHC provide a unique opportunity to search for new
physics with electroweak couplings [33–35]. In this section, studies on detecting supersymmet-
ric dark matter produced directly at HL-LHC in VBF processes are reported. Here we consider
a model in which the lightest neutralino c̃0

1 is the LSP, a viable candidate of DM. The c̃0
1 and c̃±

1
are mainly Wino and nearly mass-degenerate, so that both c̃0

1 and c̃±
1 are invisible in the detec-

tor. These c̃0
1 or c̃±

1 could be produced directly at the LHC through VBF processes as shown in
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Table 1: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 WZ-mediated signal regions.
For each luminosity scenario, the looser “A” signal region aims at maximal discovery, and the tighter
“B” and “C” regions aim at maximal exclusion. Region“D” is an additional tight signal region for the
3000 fb�1 scenario. The mass of the SFOS lepton pair closest to the Z boson mass is denoted by mSFOS.

Selection SRA SRB SRC SRD

mSFOS[GeV] 81.2-101.2
# b-tagged jets 0

lepton pT (1,2,3)[GeV] > 50
Emiss

T [GeV] > 250 > 300 > 400 > 500
mT [GeV] > 150 > 200 > 200 > 200

hµi = 60, 300 fb�1 scenario yes yes yes –
hµi = 140, 3000 fb�1 scenario yes yes yes yes

3.2 WZ-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 2 for the
300 fb�1 and 3000 fb�1 signal regions. The SM background is dominated by WZ production in all signal
regions, followed by small contributions from ZWW, ZZW and tt̄Z production. SM backgrounds with at
least one mis-identified or non-prompt lepton (tt̄ and Z+jets) are completely suppressed in this study by
the tight signal regions requirements.

Table 2: Expected numbers of events for SM background and four SUSY scenarios for the WZ-mediated
signal regions. Uncertainties are statistical only.

Sample SRA SRB SRC SRA SRB SRC SRD
Scenario 300 fb�1, µ=60 3000 fb�1, µ=140

WZ 9.60±0.32 4.59±0.22 1.91±0.14 200±5 59.4±2.5 22.0±1.5 8.3±1.0
ZZ 0 0 0 0 0 0 0

VVV 2.11±0.18 1.07±0.13 0.44±0.08 24.3±1.9 12.1±1.4 5.4±0.8 2.0±0.5
Wh 0 0 0 0 0 0 0
tt̄V 0.67±0.19 0.23±0.12 0 14.4±2.8 4.2±1.6 0.31±0.31 0
tt̄ 0 0 0 0 0 0 0

⌃MC 12.4±0.4 5.89±0.28 2.35±0.16 239±6 75.6±3.3 27.7±1.8 10.3±1.1

WZ-mediated
m(�̃0

2, �̃
0
1)=(400,0) GeV 38.5±0.6 20.1±0.5 5.47±0.23 407±6 224±5 67.9±2.6 19.7±1.4

m(�̃0
2, �̃

0
1)=(600,0) GeV 19.40±0.20 14.69±0.17 7.76±0.12 194.8±2.0 148.9±1.7 81.6±1.3 33.5±0.8

m(�̃0
2, �̃

0
1)=(800,0) GeV 6.97±0.06 5.90±0.06 4.21±0.05 69.6±0.6 59.1±0.6 42.4±0.5 25.2±0.4

m(�̃0
2, �̃

0
1)=(1000,0) GeV 2.31±0.02 2.05±0.02 1.64±0.02 22.94±0.19 20.42±0.18 16.36±0.16 11.55±0.14

The signal significances from the WZ-mediated signal regions are combined in quadrature for each of
the two luminosities considered. For WZ-mediated signals, the combination is performed using disjoint
versions of SRA-C (SRA-D) for the 300 fb�1 (3000 fb�1) luminosity scenario. The disjoint regions are
defined by imposing upper Emiss

T and mT bounds on the looser regions to prevent overlap with the tighter
regions, e.g. SRA is additionally required to have Emiss

T < 300 GeV or mT < 200 GeV to prevent overlap
with SRB.

The 95% exclusion and 5� discovery contours that would be expected for the WZ-mediated simpli-
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Table 1: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 WZ-mediated signal regions.
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# b-tagged jets 0
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Emiss

T [GeV] > 250 > 300 > 400 > 500
mT [GeV] > 150 > 200 > 200 > 200

hµi = 60, 300 fb�1 scenario yes yes yes –
hµi = 140, 3000 fb�1 scenario yes yes yes yes

3.2 WZ-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 2 for the
300 fb�1 and 3000 fb�1 signal regions. The SM background is dominated by WZ production in all signal
regions, followed by small contributions from ZWW, ZZW and tt̄Z production. SM backgrounds with at
least one mis-identified or non-prompt lepton (tt̄ and Z+jets) are completely suppressed in this study by
the tight signal regions requirements.

Table 2: Expected numbers of events for SM background and four SUSY scenarios for the WZ-mediated
signal regions. Uncertainties are statistical only.
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Scenario 300 fb�1, µ=60 3000 fb�1, µ=140
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ZZ 0 0 0 0 0 0 0

VVV 2.11±0.18 1.07±0.13 0.44±0.08 24.3±1.9 12.1±1.4 5.4±0.8 2.0±0.5
Wh 0 0 0 0 0 0 0
tt̄V 0.67±0.19 0.23±0.12 0 14.4±2.8 4.2±1.6 0.31±0.31 0
tt̄ 0 0 0 0 0 0 0

⌃MC 12.4±0.4 5.89±0.28 2.35±0.16 239±6 75.6±3.3 27.7±1.8 10.3±1.1

WZ-mediated
m(�̃0

2, �̃
0
1)=(400,0) GeV 38.5±0.6 20.1±0.5 5.47±0.23 407±6 224±5 67.9±2.6 19.7±1.4
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The signal significances from the WZ-mediated signal regions are combined in quadrature for each of
the two luminosities considered. For WZ-mediated signals, the combination is performed using disjoint
versions of SRA-C (SRA-D) for the 300 fb�1 (3000 fb�1) luminosity scenario. The disjoint regions are
defined by imposing upper Emiss

T and mT bounds on the looser regions to prevent overlap with the tighter
regions, e.g. SRA is additionally required to have Emiss

T < 300 GeV or mT < 200 GeV to prevent overlap
with SRB.

The 95% exclusion and 5� discovery contours that would be expected for the WZ-mediated simpli-
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Table 3: Summary of selection requirements for the 300 fb�1 and 3000 fb�1 3` Wh-mediated signal
regions. The looser “E” and “F” signal regions are optimised for small mass splitting scenarios, the
tight “G” region for larger mass splittings and the very tight “H” region for large mass splittings for the
3000 fb�1 scenario only.

Selection SRE SRF SRG SRH

SFOS pair veto
# b-tagged jets 0

Emiss
T [GeV] > 100

mmin�R
OS [GeV] < 75

mT(`1) [GeV] > 200 > 200 > 300 > 400
mT(`2) [GeV] > 100 > 150 > 150 > 150
mT(`3) [GeV] > 100 > 100 > 100 > 100

hµi = 60, 300 fb�1 scenario yes yes yes —
hµi = 140, 3000 fb�1 scenario yes yes yes yes

Events are selected with exactly one lepton with pT larger than 25 GeV and an Opposite Sign (OS)
tau pair. Events with b-tagged jets are vetoed to suppress tt̄ and tt̄ + V backgrounds. The tt̄ samples
decaying to taus are generated with a Emiss

T > 120 GeV filter, and so a requirement of Emiss
T > 250 GeV

is imposed after smearing.
A signal region for the 3000 fb�1 luminosity scenario is defined in Table 4, where the tau pair invari-

ant mass m⌧⌧ is required to be 80–130 GeV consistent with a h!⌧⌧ decay. In addition to a b-jet veto and
a large Emiss

T requirement, the scalar sum of the pT of the two taus is also required to be high to reject
most SM backgrounds. Finally, the transverse mass (using the lepton and Emiss

T ) is required to be large
to suppress SM processes with W!`⌫ decays.

Table 4: Summary of selection requirements for the 3000 fb�1 1`2⌧ Wh-mediated signal region.

Selection SR1`2⌧

# e, µ 1
# ⌧ 2 (OS)

# b-tagged jets 0
Emiss

T [GeV] > 250
m⌧⌧ [GeV] 80-130

|pT (⌧1)| + |pT (⌧2)| [GeV] > 190
mT(`) [GeV] > 130

3.5 Wh-mediated Expected Sensitivity

The number of events for the SM background and four SUSY scenarios can be seen in Table 5 for the
300 fb�1 and 3000 fb�1 3` signal regions. The SM background is dominated by WWW and tt̄ production
in both signal regions, followed by smaller contributions from Wh, tt̄W, ZWW and WZ production. SM
backgrounds with a Z boson are almost completely suppressed in this study by the SFOS lepton veto. In

9

the tightest signal region for each luminosity scenario, tt̄ is completely suppressed.

Table 5: Expected numbers of events for SM background and four SUSY scenarios for the Wh-mediated
3` signal regions. Uncertainties are statistical only.

Sample SRE SRF SRG SRE SRF SRG SRH
Scenario 300 fb�1, µ=60 3000 fb�1, µ=140

WZ 0.28±0.06 0.14±0.04 0.05±0.02 6.2±0.8 2.9±0.6 0.76±0.29 0.43±0.22
ZZ 0 0 0 0 0 0 0

VVV 2.05±0.33 1.04±0.24 0.11±0.08 34±4 17.5±3.1 1.3±0.8 0.8±0.6
Wh 0.25±0.15 0.08±0.08 0 10.1±2.9 2.5±1.5 0.8±0.8 0
tt̄V 0.68±0.15 0.21±0.08 0.07±0.05 9.6±1.8 4.1±1.3 1.1±0.6 0.4±0.4
tt̄ 3.7±0.5 0.95±0.27 0 121±10 36±5 3.9±1.8 0

⌃MC 7.0±0.7 2.4±0.4 0.23±0.10 181±11 63±6 7.9±2.2 1.6±0.7

Wh-mediated
m(�̃0

2, �̃
0
1)=(200,0) GeV 13.2±2.7 7.7±2.1 2.2±1.1 181±31 99±23 27±12 0

m(�̃0
2, �̃

0
1)=(300,0) GeV 15.1±1.5 10.4±1.2 3.4±0.7 166±16 121±13 46±8 13±4

m(�̃0
2, �̃

0
1)=(500,0) GeV 5.4±0.4 4.58±0.33 3.19±0.28 57±4 46.1±3.4 31.9±2.8 20.5±2.2

m(�̃0
2, �̃

0
1)=(700,0) GeV 1.75±0.10 1.55±0.10 1.27±0.09 18.1±1.1 15.9±1.0 12.8±0.9 9.1±0.8

The number of events for the SM background and four SUSY scenarios can be seen in Table 6 for
the 3000 fb�1 1`2⌧ signal region. The SM background is dominated by tt̄, WW and WZ production,
followed by smaller contributions from W+jets, tribosons and tt̄+V . The SM processes Wh, ZZ, Z+ jets
are suppressed to negligible levels by the signal region requirements.

Table 6: Expected numbers of events for SM background and four SUSY scenarios for the Wh-mediated
1`2⌧ signal region for the 3000 fb�1 luminosity scenario. The SM processes Wh, ZZ, Z+jets are sup-
pressed to negligible levels.

SM background yield SUSY signal yield

WZ 2.3 m(�̃0
2, �̃

0
1)=(200,0) GeV 20

VVV 0.21 m(�̃0
2, �̃

0
1)=(500,200) GeV 9

tt̄ + V 0.03 m(�̃0
2, �̃

0
1)=(700,0) GeV 7

tt̄ 8.1 m(�̃0
2, �̃

0
1)=(1200,600) GeV 0.5

WW 3.5
W+ jets 1.4
Total 15.5

The signal significances from the Wh-mediated 3` signal regions are combined in quadrature for
each of the two luminosities considered. The combination is performed using disjoint versions of SRE-G
(SRE-H) for the 300 fb�1 (3000 fb�1) luminosity scenario. The disjoint regions are defined by imposing
upper mT(`1,2,3) bounds on the looser regions to prevent overlap with the tighter regions, e.g. SRE is
additionally required to have mT(`2) < 150 GeV to prevent overlap with SRF.

The 95% exclusion and 5� discovery contours that would be expected for the the Wh-mediated
simplified models can be seen in Figure 5 using the 3` and 1`2⌧ channels. The shape of the contours
is dominated by the tightest signal regions, SRG and SGH. In the case of the 3` channel, the exclusion
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4 3 Analysis strategy

of the leptons. Each event category includes three different “flavor channels”: ee, µµ, and eµ
(for OS23, OS5+, SS) or µµµ, eee and eeµ+eµµ (for � 3`).

We select events with two leptons of opposite charges. The major irreducible background is
from tt and Drell-Yan processes. We further sub-divide final states into two categories. The
“OS23” category is constructed to be solely sensitive to the TT ! bWbW mode. The dilepton
invariant mass must be inconsistent with the Z boson mass, there must be two or three jet
constituents, at least one b-tagged jet, minMlb > 180 GeV, HT > 700 GeV, and ST > 900 GeV.
The “OS5+” category is sensitive to the other T quark decay modes. We require at least two b-
tagged jets, at least five jet constituents to minimize the Drell-Yan background, HT > 900 GeV,
and ST > 1000 GeV.

We select events with two leptons of the same charges in the “SS” category. The dominant back-
ground in this channel arises from jets misidentified as leptons. Other sources of background
are rare SM processes like tt̄Z, tt̄W, diboson, and triboson production. We require missing pT >
30 GeV, at least one b-tagged jet, a minimum of two jet constituents, HT > 600 GeV, and ST >
800 GeV.

Finally, we select events with at least three leptons for the “� 3`” category. Here, the dominant
backgrounds are diboson decays and misidentified leptons. We require missing pT > 30 GeV,
at least one b-tagged jet, at least two jet constituents, HT > 800 GeV, and ST > 900 GeV.

For the “SS” and “� 3`” categories, the non-prompt background is not modeled by the Monte
Carlo samples. We estimate the non-prompt contributions for these categories using the analy-
sis performed using the data set at

p
s=8 TeV [6]. For the “SS” analysis, the non-prompt contri-

bution is set to be equal to the prompt (electroweak) background estimate, and for the case of
“� 3`” analysis, the non-prompt background is equal to 30% of the prompt background. Non-
prompt backgrounds originate mostly from tt production events in which a jet was misidenti-
fied as an isolated electron or a muon from b-hadron decay appeared isolated. The expected
event yields for signal and backgrounds (including the correction for non-prompt contribution)
are shown in Table 2.

Table 1: Number of expected events for 3000 fb�1 of pp collisions at
p

s = 14 TeV in different
event categories. The uncertainty on the background yields includes both statistical and a 20%
systematic uncertainty.

Mass e3 + µ3 e4 + µ4
(GeV) 0b 1b 2b �3b 0b 1b 2b �3b

Signal Event Yields

1000 3988 8767 8358 3079 1850 4236 4291 1383
1200 1110 2578 2414 865 523 1313 1288 408
1400 336 808 751 258 179 458 449 136
1600 109 267 241 80 67 177 168 52
1800 36 91 81 27 26 71 66 19
2000 12 32 28 9 10 29 27 8

Background Event Yields ⇥105

tt̄ 31.3±6.2 24.2±4.8 17.3±3.4 2.5±0.5 37.4±7.4 21.3±4.2 15.6±3.1 2.1±0.4
Electroweak 135.9±27.1 8.7±1.7 1.2±0.2 0.08±0.01 331.5±66.3 16.7±3.3 1.9±0.4 0.10±0.02

Total Background 167.3±33.4 33.0±6.6 18.4±3.7 2.6±0.5 368.9±73.8 38.0±7.6 17.5±3.5 2.2±0.4

5

Table 2: Number of expected events for 3000 fb�1 of pp collisions at
p

s = 14 TeV. The uncer-
tainty on the background yields includes both statistical and a 20% systematic uncertainty.

Mass (GeV) OS23 OS5+ SS � 3`
Signal Event Yields

1000 505 1050 467 431
1200 195 303 134 134
1400 69 93 38 40
1600 26 29 11 12
1800 10 10 4 4
2000 4 3 1 1

Background Event Yields

tt+non-prompt 1757±352 17922±3585 2428±486 170±34
Electroweak 532 ± 106 2908±581 2428±486 397±79

Total Background 2289 ± 458 20830 ± 4166 4857 ± 971 568 ± 113

4 Exclusion limits and significance

The exclusion limits and significance were obtained using the “THETA” package [19] using
Bayesian statistics. In the multilepton case, the input template to THETA is a 12 bin histogram
which is created by populating the bins with the event yields in 12 different event categories.
The 12 categories are defined by the four different signatures OS23, OS5+, SS and � 3` (as
listed in Table 2), each divided into three flavor channels. For single-lepton events, the HT
distributions in eight different categories (as shown in Table 1 and Figs. 3, 4) are used as the
inputs for the statistical analysis performed by THETA.

Our sensitivity estimates assume that the background yields after event selection are known to
20% and that the simulation models their distribution over the input histogram bins well. We
expect that a background model of this precision will be developed during the HL-LHC run
based on detailed comparisons of data and Monte Carlo simulations and on direct measure-
ments of the background physics processes, just as was the case during the 2011 and 2012 runs.
A 5% systematic uncertainty is assumed for signal selection efficiencies. These estimates are
based on Ref. [6].

We separate the background into two components, electroweak and top quark production.
The non-prompt component is added as part of top background. The normalization of each
background component is parametrized by a nuisance parameter. Backgrounds from the same
source are tied to the same nuisance parameter in all channels. The posterior likelihood is inte-
grated over the nuisance parameters associated with the normalization of the two background
sources. In this way the backgrounds are constrained by the data because the distributions of
signal and background components over the bins of the input histograms are different.

The 95% C.L. exclusion, the 5s discovery reach, and 3s discovery reach are shown in Figs. 5, 6,
and 7, for the multilepton channel, the single-lepton channel and, the two combined, respec-
tively.

A cross-check analysis for the single-lepton channel is performed by dividing the sample into
four categories based on the number of b-tagged jets (0, 1, 2, � 3). The results obtained from
this analysis are about 20% weaker compared to the main analysis. This result also demon-
strates the possible gains by including the jet-substructure information for identifying boosted
jets in decays of the T quarks. As the

p
s of pp-collisions increase, further optimization of


