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Introduction 

︎
q  Despite all its successes, the SM is likely to be an effective 

theory, i.e. the limit (energies and effective couplings) of a more 
fundamental theory, with new degrees of freedom ︎

︎
q  The discovery of new physics beyond the Standard Model is one 

of the highest priorities for the current and future Large Hadron 
Collider (LHC) program︎

︎
q  This talk: Discuss recent results for Beyond the Standard Model 

searches at the CMS and ATLAS collaborations︎
︎
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Overview of Beyond the Standard Model Searches 

G. Salam and A. Weiler Theory Perspectives ECFA HL-LHC workshop, Aix-les-Bains, 1 Oct 2013

SM matter

2
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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

ν2ν1 ν3
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fermion masses

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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Origin of SM matter and flavor?

Dark matter? Fine-tuning?

Unity of forces?

 why is Higgs heavy?"

38!

SM+ 

TOP 
New 
stuff 

Higgs 

•  Many Little Hierarchy problem solutions 
predict new physics in the heavy quark 
sector"

•  Or to put it another way: if it is not 
SUSY making the h heavy then what is 
it? Does it look top-like?"

"

"

Most interesting theories offer solutions to open problems of the SM? ︎
︎Andy Haas, NYU 2

Why Beyond-SM?

● SM was always considered just a “model”
– low-energy approximation of the real “theory”

● BSM predictions nearly as old as SM itself!

● Some motivations for BSM at the EW scale
– Dark matter is WIMPs?

– Gauge group unification?

– Hierarchy problem? (Assuming new physics 
at some high scale, fine tuning can be greatly 
reduced by BSM near the EW scale.)

1964: Higgs mechanism
1967: SM formulated
1971: SM renormalizable
1973: Neutral currents found
1974: Charm quark found
1974: SUSY predicted
1983: W/Z found
1995: Top quark found
2012: Higgs found
2017: SUSY found?
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Large Hadron Collider Schedule 

Proton-Proton collisions in 2010-2012 at 50ns bunch spacing 
q  7 TeV  in 2010, 2011:  ~5.1/fb 
q  8 TeV  in 2012 : ~ 21/fb à Excellent data quality for both experiments! 

Run 1 – Today talk 
Summary for BSM 

Searches  
New physics can be just around corner! 

Run 2 
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Searches for Beyond the Standard Model at the LHC 

 

q  Third generation squarks in fully 
hadronic final states at √s = 8 TeV  

     à  CMS Collaboration arXiv: 1503.08037 
 
q  Same-flavor opposite-sign dilepton pair, 

jets, and large missing transverse 
momentum (MET) at √s = 8 TeV  

    à  ATLAS Collaboration arXiv: 1503.03290 
 

All public results, including some new 
ones I will not cover in this talk: 
Ø  https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsSUS 
Ø  https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

SupersymmetryPublicResults 
Ø  https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsEXO 
Ø  https://twiki.cern.ch/twiki/bin/view/AtlasPublic/

ExoticsPublicResults 
Ø  https://twiki.cern.ch/twiki/bin/view/CMSPublic/

PhysicsResultsB2G 
 

 

q  Third generation scalar leptoquarks in 
the top-tau channel 

 
    à  CMS Collaboration arXiv: 1503.09049 
 

q  b-jets and a pair of leptons of the same 
charge in pp collisions at √s = 8 TeV 

    à  ATLAS Collaboration arXiv: 1504.04605 
 

q  High mass resonances decaying to Z 
and Higgs bosons 

 
    à  CMS Collaboration arXiv: 1502.04994 
 
q  High-mass diphoton resonances in pp 

collisions at √s = 8 TeV 

    à  ATLAS Collaboration arXiv: 1504.05511 
 

q  DM in association with top-quark pairs in 
the single lepton channel 

 
    à  CMS Collaboration arXiv: 1504.03198 
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SUSY: 3rd generation squarks in fully hadronic final states  

arXiv: 1503.08037
CMS Collaboration!

Three mutually exclusive searches are discussed 
①  multijet search requiring one fully reconstructed top quark  
②  dijet search requiring one or two jets originating from b quarks  
③  monojet search  

4 4 Simulation of signal and background event samples

The hermetic nature of the CMS detector allows event reconstruction over nearly the full solid
angle. Conservation of momentum in the transverse plane can therefore be used to detect a
momentum imbalance, which can be associated with particles that exit the detector without
interaction. The missing transverse momentum vector ~pmiss

T is defined as the projection on the
plane perpendicular to the beam axis of the negative vector sum of the momenta of all recon-
structed particles in an event. Its magnitude is referred to as pmiss

T . For the monojet analysis, an
alternative definition of ~pmiss

T is used, ~pmiss,µ
T , which differs from the nominal definition in that

the contribution of muons is excluded. This alternative definition allows the same trigger, for
which missing transverse momentum is defined without muons, to be used for both signal and
control samples, reducing systematic uncertainties. The alternative definition ~pmiss,µ

T is also
used to evaluate some electroweak backgrounds for the multijet t-tagged and dijet b-tagged
analyses, as described below.

4 Simulation of signal and background event samples

Monte Carlo (MC) simulations of signal and background events are used to optimize selection
criteria, determine signal efficiencies, and develop background estimation techniques.

Within the context of natural SUSY, several SMS scenarios are examined. They are based on the
pair production of top or bottom squarks followed by the decay of the top or bottom squarks
according to et ! tec0

1, et ! bec±
1 with ec±

1 ! bW±, et ! cec0
1, and eb ! bec0

1, where ec±
1 is the

lightest chargino. The Feynman diagrams for these processes are shown in Fig. 1. Simulated
samples of signal events are generated with the MADGRAPH 5.1.3.30 [54] event generator, with
up to two additional partons incorporated at the matrix element level. All SUSY particles other
than those included in the SMS scenario under consideration are assumed to be too heavy to
participate in the interaction.
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Figure 1: Feynman diagrams showing the pair production of top or bottom squarks followed
by their decays according to et ! tec0

1 (top, left), et ! bec±
1 with ec±

1 ! bW± (top, right), et ! cec0
1

(bottom, left), a flavour changing neutral current loop-induced process, and eb ! bec0
1 (bottom,

right).

SM events are simulated using a number of MC event generators. Top-antitop quark pair pro-
duction (tt), W/Z +jets, Zg, Wg, ttZ, and ttW samples are produced using the MADGRAPH5
event generator with CTEQ6L [55] parton distribution functions (PDFs). Single top quark

6 6 Search for top-squark pair production using top-quark tagging

6.1 Event selection

The event sample used for this analysis is collected by triggering on events with pmiss
T > 80 GeV,

where pmiss
T is reconstructed using the PF algorithm, and at least two central (|h| < 2.6) jets with

pT > 50 GeV. This trigger is (98 ± 1)% efficient as measured in data once the analysis require-
ments described below have been applied. The selected events are required to have: (i) no
identified electrons or muons with pT > 5 GeV that are isolated according to the directional
isolation parameter described in Section 3; (ii) at least five jets with pT > 30 GeV and |h| < 2.4,
of which the two highest pT jets must have pT > 70 GeV and the next two highest pT jets
pT > 50 GeV; (iii) at least one b-tagged jet, Nb jets � 1; and (iv) azimuthal angle Df(~pj

T,~pmiss
T )

between the directions of the three highest pT jets and the ~pmiss
T vector larger than 0.5, 0.5, and

0.3, respectively, with p1
T > p2

T > p3
T. The electron and muon vetoes minimize backgrounds

from SM tt and W+jets production, where the Wboson decays into a neutrino and a lepton.
Events containing a hadronically decaying t lepton are not explicitly rejected. The jet multi-
plicity and b-tagging requirements help to select signal events, since the SUSY signatures of
interest tend to include multiple jets in the central h range, high-pT leading jets and b jets. The
Df requirement strongly suppresses the background from QCD multijet events, which mostly
arises from the mismeasurement of jet pT, leading to large ~pmiss

T aligned along a jet axis. Events
that satisfy the above requirements are denoted the “preselection” sample.

Reconstruction of hadronically decaying top quarks is performed as suggested in Refs. [63–65].
To maximize signal acceptance, one “fully reconstructed” and one “partially reconstructed”
top quark are required. The collection of five or more jets in the preselection sample is divided
into all possible sets of three jets and a remnant, where the remnant must contain at least one
b-tagged jet. The fully reconstructed top quark is one of the three-jet (trijet) combinations. The
partially reconstructed top quark is then built from the remnant using the b-tagged jet as a seed.
If the remnant contains multiple b-tagged jets, the one with highest pT is used as the seed. Once
events with two candidate top quarks are identified, they are used to form additional kinemat-
ical variables that distinguish between signal and the remaining SM background, which arises
primarily from tt production.

6.1.1 Top quark reconstruction

To be considered as a fully reconstructed top quark, the trijet system must satisfy the following
requirements. (i) Each jet must lie within a cone in (h, f) space of radius 1.5 centred on the
momentum direction formed by the trijet combination. The radius requirement implies a mod-
erate Lorentz boost of the top quark as expected for the large Dm = met � mec0

1
region targeted

in this search. (ii) The trijet system mass (m3-jet) must be within the range 80-270 GeV. (iii) The
trijet system must satisfy one of the three following criteria:

(a) 0.2 < arctan
✓

m13

m12

◆
< 1.3 and Rmin <

m23

m3-jet
< Rmax,

(b) R2
min

"
1 +

✓
m13

m12

◆2
#

< 1 �
✓

m23

m3-jet

◆2
< R2

max

"
1 +

✓
m13

m12

◆2
#

and
m23

m3-jet
> 0.35,

(c) R2
min

"
1 +

✓
m12

m13

◆2
#

< 1 �
✓

m23

m3-jet

◆2
< R2

max

"
1 +

✓
m12

m13

◆2
#

and
m23

m3-jet
> 0.35.

Here, m12, m13, and m23 are the dijet masses, where the jet indices 1, 2, and 3 are pT ordered. The
numerical constants have values Rmin = 0.85(mW/mt), Rmax = 1.25(mW/mt), mW = 80.4 GeV,
and mt = 173.4 GeV [66].

6.1 Event selection 7

The top quark tagging (t tagging) conditions of (a), (b), or (c) can be reduced (under certain ap-
proximations detailed in Ref. [64] ) to the requirement that m23/m3-jet, m12/m3-jet, or m13/m3-jet,
respectively, be consistent with the mW/mt ratio. The other conditions are motivated by the
Lorentz structure of the tW coupling and suppress contributions from light-quark and gluon
jets [64]. These t tagging conditions are illustrated in Fig. 2 for simulated SM tt (left) and QCD
(right) events. The lower box defines the region dictated by the criterion (a), with the central
dashed horizontal line representing the ratio mW/mt. Similarly, the curved regions defined by
criteria (b) and (c) are also shown, where the central dashed line indicates where m12/m3-jet is
equal to mW/mt for region (b), and where m13/m3-jet is equal to mW/mt for region (c). The re-
quirement that events lie within the boundaries defined by (a), (b), or (c) is seen to be effective
at selecting the SM tt events, which are very similar to signal events due to similar m23/m3-jet
and m13/m12 ratios, while rejecting the bulk of the multijet background. If multiple trijet combi-
nations satisfy these criteria, the triplet with mass closest to the top quark mass is selected. The
four-momentum of the selected trijet system, ~p3-jet = (E3-jet,~p3-jet), is used in the subsequent
calculation of kinematical variables that refine the event selection, described below.
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Figure 2: Distributions of m23/m3-jet versus arctan(m13/m12) for simulated SM tt (left), and
multijet (right) events in the multijet t-tagged search. The red contours (a), (b), and (c) limit
the regions in which conditions (a), (b) and (c) are satisfied, respectively. The central dashed
lines represent where the ratios involved in conditions (a), (b) and (c) are equal to mW/mt, as
described in the text.

The partial reconstruction of a second top quark is attempted in the remnant system, denoted
R-sys. The four-momentum of the collective decay products in R-sys is denoted ~pR-sys =
(ER-sys,~pR-sys) and is constructed from either 3, 2, or 1 jet(s) in R-sys. If R-sys has �3 jets,
all possible trijet combinations containing the b-tagged jet are considered. To retain maxi-
mum signal acceptance, the full reconstruction criteria of requirements (a), (b) and (c) are not
used. Instead we merely select the trijet system with mass closest to that of the top quark.
In addition, to reduce the misconstruction of top quark candidates, requirements are placed
on the hadronic decay of the Wboson candidate in the trijet system: excluding the b-tagged
jet, the remaining pair of jets is required to have a dijet mass between 50 and 120 GeV. If
this condition is satisfied, the four-momentum of the trijet system defines ~pR-sys. Otherwise
the trijet system is rejected and we examine 2-jet combinations involving the b-tagged jet. In
the latter case, the separation between the b-tagged jet and the other jet is required to satisfy
DR ⌘

p
(Dh(b, j))2 + (Df(b, j))2  2.0 and the dijet mass must be less than the top quark

mass. If multiple jet pairs satisfy these requirements, the pair with smallest DR is selected
and the four-momentum of the pair defines ~pR-sys. If no jet pair satisfies the requirements, the

Ø  The collection of five or more jets is 
divided into all possible sets of three 
jets and a remnant, where the remnant 
must contain at least one b-tagged jet.  
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identified electrons or muons with pT > 5 GeV that are isolated according to the directional
isolation parameter described in Section 3; (ii) at least five jets with pT > 30 GeV and |h| < 2.4,
of which the two highest pT jets must have pT > 70 GeV and the next two highest pT jets
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T vector larger than 0.5, 0.5, and

0.3, respectively, with p1
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T. The electron and muon vetoes minimize backgrounds

from SM tt and W+jets production, where the Wboson decays into a neutrino and a lepton.
Events containing a hadronically decaying t lepton are not explicitly rejected. The jet multi-
plicity and b-tagging requirements help to select signal events, since the SUSY signatures of
interest tend to include multiple jets in the central h range, high-pT leading jets and b jets. The
Df requirement strongly suppresses the background from QCD multijet events, which mostly
arises from the mismeasurement of jet pT, leading to large ~pmiss

T aligned along a jet axis. Events
that satisfy the above requirements are denoted the “preselection” sample.

Reconstruction of hadronically decaying top quarks is performed as suggested in Refs. [63–65].
To maximize signal acceptance, one “fully reconstructed” and one “partially reconstructed”
top quark are required. The collection of five or more jets in the preselection sample is divided
into all possible sets of three jets and a remnant, where the remnant must contain at least one
b-tagged jet. The fully reconstructed top quark is one of the three-jet (trijet) combinations. The
partially reconstructed top quark is then built from the remnant using the b-tagged jet as a seed.
If the remnant contains multiple b-tagged jets, the one with highest pT is used as the seed. Once
events with two candidate top quarks are identified, they are used to form additional kinemat-
ical variables that distinguish between signal and the remaining SM background, which arises
primarily from tt production.

6.1.1 Top quark reconstruction

To be considered as a fully reconstructed top quark, the trijet system must satisfy the following
requirements. (i) Each jet must lie within a cone in (h, f) space of radius 1.5 centred on the
momentum direction formed by the trijet combination. The radius requirement implies a mod-
erate Lorentz boost of the top quark as expected for the large Dm = met � mec0
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in this search. (ii) The trijet system mass (m3-jet) must be within the range 80-270 GeV. (iii) The
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Here, m12, m13, and m23 are the dijet masses, where the jet indices 1, 2, and 3 are pT ordered. The
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and mt = 173.4 GeV [66].
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7 Search for bottom-squark pair production using bottom-quark

tagging

We next describe the dijet b-tagged analysis. This analysis requires large pmiss
T and one or two

jets identified as originating from bottom quarks. The possible presence of a hard light-flavour
third jet, arising from initial-state radiation (ISR), is incorporated. The search is motivated by
the possibility of bottom-squark pair production, where each bottom squark decays directly to
the ec0

1 LSP with the emission of a bottom quark, eb ! bec0
1. The signal production rate depends

on the bottom squark mass, while the transverse momenta and hence the signal acceptance of
the search depend on the mass difference Dm = meb � mec0

1
.

7.1 Event selection

The data used in the dijet b-tagged search are collected using the same trigger described in
Section 6.1 for the multijet t-tagged search. The trigger efficiency is measured to be larger than
95% after application of the selection criteria described below, as measured in data. A set of
loose selection criteria are applied to define a baseline data set that is used in addition as a
validation sample to compare data and simulation for various kinematic quantities. Exactly
two central jets are required with pT > 70 GeV and |h| < 2.4, and events are vetoed if they
have an additional jet with pT > 50 GeV and |h| < 5.0. One or both of the leading jets are
required to be tagged as originating from a b quark, using the medium CSV algorithm working
point. Events containing an isolated electron, muon, or track (representing single-prong t-
lepton decays or unidentified electrons or muons) with pT > 10 GeV are rejected to suppress
background processes such as tt and W(`n)+jets production. In addition, the scalar sum HT of
the pT values of the two highest-pT jets (j1 and j2, with pj1

T > pj2
T ) is required to be more than

250 GeV, and pmiss
T is required to be larger than 175 GeV. To reject QCD dijet events, we require

Df(j1, j2) < 2.5 radians. To further suppress the SM background from tt and W(`n)+jets events,

the transverse mass defined by MT(j2, pmiss
T ) =

q
[Ej2

T + pmiss
T ]2 � [~pj2

T + ~pmiss
T ]2 is required to be

larger than 200 GeV.

Events are characterized using the boost-corrected contransverse mass MCT [76, 77], which for
processes involving two identical decays of heavy particles such as ebeb ! j1 j2 ec0

1 ec0
1, is defined

as (MCT)2 = [Ej1
T + Ej2

T ]
2 � [~pj1

T � ~pj2
T ]

2 = 2pj1
T pj2

T [1 + cos f(j1, j2)]. For signal events, the MCT
distribution is characterized by an endpoint at (m2

eb
� m2

ec0
1
)/meb.

To obtain sensitivity to different mass hypotheses, the search is conducted in four regions of
MCT: MCT < 250, 250 < MCT < 350, 350 < MCT < 450, or MCT > 450 GeV. For each MCT
region, we require either Nb jets = 1 or Nb jets = 2, for a total of eight exclusive search regions.

For meb � mec0
1
. 100 GeV, the pT values of jets from the squark decay become too small to

efficiently satisfy the selection requirements. However, events containing a high-pT jet from
ISR can provide a transverse boost to the recoiling ebeb system, enabling such events to satisfy
the trigger and selection conditions. Additional search regions, hereafter denoted “ISR” search
regions, are therefore considered by modifying the baseline selection requirements to allow
an additional third jet from ISR: exactly three jets with pT > 30 GeV and |h| < 2.4 are then
required, where the two highest pT jets must have pT > 70 GeV and the highest pT jet is required
not to be b-tagged using the CSV loose definition. At least one of the two other jets must be
b-tagged according to the medium CSV working point, and the events are classified according
to whether one or both of these jets are so tagged, defining two ISR search regions. As in the
nominal dijet case, events are rejected if they contain isolated leptons or tracks, or if HT <

23

9 Results

Table 7: Event yields for the different search regions defined in Sections 6.1, 7.1, and 8.1. The
multijet t-tagged search requires a combination of exclusive and inclusive bins in number of b-
tagged jets (Nb jets = 1, Nb jets � 2), whereas the dijet b-tagged searches require exclusive bins
(Nb jets = 1, 2); the monojet search makes no requirements on b-tagged jets (Nb jets � 0). The
SM background predictions and the yields observed in data correspond to integrated luminosi-
ties of 19.4, 19.4, and 19.7 fb�1 for the multijet t-tagged, dijet b-tagged, and monojet searches,
respectively. The quoted uncertainties in the SM predictions reflect the total (statistical and
systematic) uncertainties quadratically summed over all different background contributions.

Search regions Nb jets
� 0 1 2

Multijet t-tagged search SM Pred. Obs. SM Pred. Obs.
pmiss

T 2 [200, 350]GeV 148+29
�24 141 81+13

�12 68
pmiss

T > 350 GeV 33.4+7.0
�7.8 30 8.6+2.6

�2.4 15
Dijet b-tagged search SM Pred. Obs. SM Pred. Obs.

MCT < 250 GeV 1540±100 1560 93±10 101
MCT 2 [250, 350]GeV 754±68 807 50.0±6.4 55
MCT 2 (350, 450]GeV 85±10 101 6.5±1.7 8

MCT > 450 GeV 16.0±4.1 23 1.0±0.9 1
ISR 356 ± 41 359 26.0 ± 4.1 28

Monojet search SM Pred. Obs.
pj1

T > 250 GeV 35900±1500 36600
pj1

T > 300 GeV 17400±800 17600
pj1

T > 350 GeV 8060±440 8120
pj1

T > 400 GeV 3910±250 3900
pj1

T > 450 GeV 2100±160 1900
pj1

T > 500 GeV 1100±110 1000
pj1

T > 550 GeV 563±71 565

Each search region definition was optimized and the SM backgrounds were evaluated before
the data in the search regions were examined. Table 7 shows the observed yields compared with
the SM background predictions in each of the 21 search regions defined by the three analyses.
All search regions are consistent with predictions of the SM, and no significant excesses are
observed.

Figure 6 shows distributions of some key variables in the multijet t-tagged search, for data
and for the expected SM background estimated using the methods outlined in Section 6.2.
The hatched bands show both the statistical and systematic uncertainties from the predictions,
taken from Table 7. The pmiss

T distribution (Fig. 6, left) is obtained after applying the baseline
selection criteria described in Section 6.1. The MT2 distribution (Fig. 6, centre) is obtained us-
ing the baseline selection criteria without the 0.5M3-jet

T + MR-sys
T � 500 GeV requirement, and

the 0.5M3-jet
T + MR-sys

T distribution (Fig. 6, right) is obtained using the baseline selection criteria
without the MT2 � 300 GeV requirement. The distributions simulated for two representative
signal mass hypotheses for the case ofetet ! ttec0

1 ec0
1 production, scaled to an integrated luminos-

ity of 19.4 fb�1, are superimposed for comparison. The QCD prediction is not included in the
plots shown in Fig. 6 since its contribution is negligible.
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Figure 6: The pmiss
T (left), MT2 (centre), and 0.5M3-jet

T + MR-sys
T (right) distributions from data

(black dots), and predicted backgrounds (solid filled areas) in the multijet t-tagged search,
where the total (statistical and systematic) uncertainty in the background prediction is shown
by the hatched band. The distributions of two representative signals (met, mec0

1
) = (500, 100)

and (650, 50)GeV are overlaid (dashed and dotted lines respectively). The leftmost bin of each
distribution contains the overflow.

Distributions of some representative variables sensitive to signals in the dijet b-tagged search
are shown in Fig. 7, after the baseline selection criteria (Section 7.1) have been applied. The
top (bottom) row shows results requiring Nb jets = 1 (Nb jets = 2). The left-hand plots show the
MCT distributions, and the right hand plots the pmiss

T distributions. The distributions of two
representative signals for ebeb ! bbec0

1 ec0
1, scaled to an integrated luminosity of 19.4 fb�1, are

superimposed for comparison. While the total background prediction in Table 7 is obtained
using the methods outlined in Section 7.2, the background distributions in Fig. 7 are taken
from simulation and normalized to an integrated luminosity of 19.4 fb�1.

Figure 8 shows the discriminating distributions in the monojet search, after the baseline selec-
tion criteria described in Section 8.1 have been applied. The left plot shows the pmiss,µ

T distribu-
tion and the right plot the transverse momentum of the leading jet. Analogously to Fig. 7, the
background distributions are taken directly from simulation and normalized to an integrated
luminosity of 19.7 fb�1.

These three searches are individually designed to optimize the sensitivity to new physics for
various signal topologies and third-generation sparticle mass hypotheses. In Fig. 6, the data
are observed to agree with the SM background predictions, and in Figs. 7 and 8, with the SM
background simulations, both with respect to overall normalization and shape.

10 Interpretation

No significant deviations from the standard model predictions are observed. Results are inter-
preted as limits on SMS [26] involving the pair production of top and bottom squarks. Alterna-
tive decays of the top squark are studied, eitheret ! tec0

1 oret ! cec0
1, for a variety of top squark

and LSP masses. We also study the case when there is an intermediate chargino state between
the top squark and the LSP,et ! bec±

1 ! bW± ec0
1, where the LSP is assumed to be higgsino-like

and nearly degenerate in mass with the lightest chargino: mec±
1
� mec0

1
= 5 GeV. For this case,

we investigate different branching fractions B(et ! tec0
1) = 1 � B(et ! bec±

1 ) for the decay of
the top squark. Finally, we study the decay of the bottom squark via the channel eb ! bec0

1 for
different bottom squark and LSP masses.
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by the hatched band. The distributions of two representative signals (met, mec0
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distribution contains the overflow.

Distributions of some representative variables sensitive to signals in the dijet b-tagged search
are shown in Fig. 7, after the baseline selection criteria (Section 7.1) have been applied. The
top (bottom) row shows results requiring Nb jets = 1 (Nb jets = 2). The left-hand plots show the
MCT distributions, and the right hand plots the pmiss

T distributions. The distributions of two
representative signals for ebeb ! bbec0

1 ec0
1, scaled to an integrated luminosity of 19.4 fb�1, are

superimposed for comparison. While the total background prediction in Table 7 is obtained
using the methods outlined in Section 7.2, the background distributions in Fig. 7 are taken
from simulation and normalized to an integrated luminosity of 19.4 fb�1.

Figure 8 shows the discriminating distributions in the monojet search, after the baseline selec-
tion criteria described in Section 8.1 have been applied. The left plot shows the pmiss,µ

T distribu-
tion and the right plot the transverse momentum of the leading jet. Analogously to Fig. 7, the
background distributions are taken directly from simulation and normalized to an integrated
luminosity of 19.7 fb�1.

These three searches are individually designed to optimize the sensitivity to new physics for
various signal topologies and third-generation sparticle mass hypotheses. In Fig. 6, the data
are observed to agree with the SM background predictions, and in Figs. 7 and 8, with the SM
background simulations, both with respect to overall normalization and shape.

10 Interpretation

No significant deviations from the standard model predictions are observed. Results are inter-
preted as limits on SMS [26] involving the pair production of top and bottom squarks. Alterna-
tive decays of the top squark are studied, eitheret ! tec0

1 oret ! cec0
1, for a variety of top squark

and LSP masses. We also study the case when there is an intermediate chargino state between
the top squark and the LSP,et ! bec±

1 ! bW± ec0
1, where the LSP is assumed to be higgsino-like

and nearly degenerate in mass with the lightest chargino: mec±
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� mec0
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= 5 GeV. For this case,

we investigate different branching fractions B(et ! tec0
1) = 1 � B(et ! bec±

1 ) for the decay of
the top squark. Finally, we study the decay of the bottom squark via the channel eb ! bec0

1 for
different bottom squark and LSP masses.

8 6 Search for top-squark pair production using top-quark tagging

b-tagged jet is selected as the complete remnant system, and its four-momentum defines ~pR-sys.

6.1.2 Kinematic requirements

After requiring one fully reconstructed and one partially reconstructed top quark, kinematic
information is used to distinguish between signal and SM contributions. The MT2 [67, 68]
variable, an extension of the transverse mass used for the W boson mass determination [69], is
sensitive to the pair production of heavy particles with decay products that include undetected
particles like neutrinos or the ec0

1. The MT2 variable is constructed using ~p3-jet, ~pR-sys, and the
~pmiss

T vectors in an event, assuming the undetected particles to be massless. The top-left plot
in Fig. 3 shows a comparison of the shapes of the two MT2 distributions of simulated signal
and SM tt events after applying the preselection criteria and requiring pmiss

T > 200 GeV. The
results for signal events are shown for various mass hypotheses for the top squark and LSP.
For the tt background, the MT2 distribution peaks around the top quark mass and decreases
relatively quickly for larger MT2 values. For the signal, the distribution peaks at higher values.
As one of the top quarks is only partially reconstructed, the kinematic endpoint of MT2 is only
approximately reconstructed. To reduce the SM tt background while maintaining good signal
efficiency for a range of sparticle mass hypotheses, we require MT2 � 300 GeV. The top-right
plot in Fig. 3 shows the pmiss

T distribution in the same conditions.

The variable M3-jet
T , defined using the ~pmiss

T and the fully reconstructed trijet system of the iden-
tified top quark,

(M3-jet
T )2 = (m3-jet)2 + 2(E3-jet

T pmiss
T � p3-jet

T pmiss
T cos Df), (1)

is also used to distinguish between signal and SM tt events, where (E3-jet
T )2 ⌘ (m3-jet)2 +

(p3-jet
T )2. Here, p3-jet

T is the magnitude of ~p3-jet in the transverse plane and Df is the azimuthal an-
gle between ~pmiss

T and ~p3-jet. The variable MR-sys
T is similarly defined using Eq. (1), by replacing

the “3-jet” variables with those of the partial top quark decay products in R-sys. The bottom
row in Fig. 3 shows distributions of M3-jet

T versus MR-sys
T for SM tt simulated events (left) and for

simulated events from a typical signal (right). All events are required to satisfy the preselection
requirements and to have pmiss

T > 200 GeV. For signal events, the pmiss
T requirement typically

forces the two top quarks to lie in the hemisphere opposite to ~pmiss
T . This leads to larger values

of M3-jet
T and MR-sys

T due to the large azimuthal angle differences involved. In contrast, for SM
tt events, ~pmiss

T typically lies close to one of the two top quarks, and thus either M3-jet
T or MR-sys

T
tends to have a smaller value. The resulting correlations can be used to further reduce the SM tt
background. Based on simulation, a simple linear requirement (0.5M3-jet

T + MR-sys
T ) � 500 GeV

is imposed [see the diagonal lines in Fig. 3 (bottom)]. This requirement is found to be more
effective than simple restrictions on M3-jet

T and MR-sys
T separately.

Four exclusive search regions are selected, defined by 200  pmiss
T  350 GeV and pmiss

T >
350 GeV with exactly one or at least two b-tagged jets. The Nb jets � 2 requirement increases
the sensitivity for high-mass top squark production. We further define a “baseline” selection
pmiss

T > 200 GeV and Nb jets � 1 that encompasses all exclusive regions. Yields for different
processes in each of the search regions are shown in Table 1.

6.2 Background predictions

The background is evaluated using a combination of control samples in data and results from
MC simulation, following procedures established in Refs. [70, 71]. The SM backgrounds from
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Figure 8: Distributions of (left) pmiss,µ
T and (right) leading jet pT in the baseline monojet search

region, pj1
T > 250 GeV, for data and SM backgrounds. Background distributions are taken

from simulation, and normalized to an integrated luminosity of 19.7 fb�1. A representative
signal distribution for et ! cec0

1 is also shown (in the dotted line), where met = 250 GeV and
mec0

1
= 240 GeV. Statistical uncertainties are shown for the data.

black diagonal dashed lines show the various kinematic regimes for top squark decay, from
left to right: met > mec0

1
and met � mec0

1
< mW dominated by etet ! ccec0

1 ec0
1; mW < met � mec0

1
< mt

dominated by etet ! tec0
1bec±

1 ! tbW± ec0
1 ec0

1; and finally met > mt + mec0
1
, dominated by etet !

ttec0
1 ec0

1.

While the multijet t-tagged search is combined with the dijet b-tagged search, the dijet b-tagged
search does not contribute to the case in which the top squark decays to a top quark and the
LSP with 100% branching fraction. This is primarily due to the jet veto requirements of the
dijet b-tagged analysis, together with the high transverse momenta requirements for jets. The
observed 95% CL exclusion limits (solid lines) are shown with the uncertainty bounds due to
the uncertainty on the theoretical signal cross section (thinner, solid lines) ±1sth. The expected
95% CL exclusion limits (dashed lines) are shown with their associated uncertainty (thinner,
dashed lines) ±1sexp. Exclusion lines are shown in red for the combined multijet t-tagged and
dijet b-tagged searches, and in blue for the monojet search. The maximum lower limit on the
top squark mass is expected to be about 620 GeV and is observed to be about 560 GeV, in the
case of a massless LSP. In the region for which met �mec0

1
> mW, the maximum lower limit on the

LSP mass is expected to be just over 150 GeV for a top squark mass of 580 GeV, and is observed
to be about 180 GeV for a top squark mass of 460 GeV. In the case of highly compressed spectra,
when met is close to mec0

1
, the strip below the kinematically allowed diagonal line, met = mec0

1
, and

above the blue solid line is excluded, roughly up to 250 GeV in the top squark and LSP mass.

Figure 10 shows the same results as Fig. 9, except also considering a chargino ec±
1 intermediate

in mass to the top squark and LSP. A 50% branching fraction to the chargino decay channel,
et ! bec±

1 , is assumed; the other 50% of top squarks decay via et ! tec0
1. In this case, both the

dijet b-tagged and the multijet t-tagged analyses contribute to the expected and observed limits.
The sensitivity of the dijet b-tagged analysis to this model derives from the near degeneracy
of the ec±

1 and ec0
1 (mec±

1
� mec0

1
= 5 GeV). The decay products of the chargino result in large

missing transverse momentum together with other particles that are too soft to be reconstructed
as a hard jet. The dijet b-tagged analysis therefore primarily contributes to the moderately
compressed regions, mW < met � mec0

1
< mt, whereas the multijet t-tagged analysis remains

mainly sensitive to the bulk region. For an LSP mass less than about 150 GeV, the lower limit

Multijet top-tagging 
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2 3 Detector and trigger

2 Definition of the MT2 variable and interpretation
The use of MT2 as a search variable is discussed in our previous publication [5]. Here, we
recapitulate the most salient aspects. The kinematic mass variable MT2 was introduced as a
means to measure the mass of pair-produced particles in situations where both particles decay
to a final state containing an undetected particle X of mass mX. For each decay chain, the visi-
ble system is defined by the transverse momentum ~p vis(i)

T , transverse energy Evis(i)
T , and mass

mvis(i) (i = 1, 2) obtained by summing the four-momenta of all detected particles in the decay
chain. The two visible systems are accompanied by the two undetected particles with unknown
transverse momenta ~p X(i)

T . In analogy with the transverse mass used for the W boson mass de-
termination [19], two transverse masses are defined for the two pair-produced particles:

(M(i)
T )2 = (mvis(i))2 + m2

X + 2
⇣

Evis(i)
T EX(i)

T � ~p vis(i)
T · ~p X(i)

T

⌘
. (1)

If the correct values of mX and ~p X(i)
T , mvis(i), and ~p vis(i)

T are chosen, the transverse masses M(i)
T

do not exceed the mass of the parent particles. The momenta ~p X(i)
T of the unseen particles,

however, are not experimentally accessible individually. Only their sum, the missing trans-
verse momentum ~pmiss

T , is known. A generalization of the transverse mass, the MT2 variable, is
defined as:

MT2(mX) = min
~pX(1)

T +~pX(2)
T =~p miss

T

h
max

⇣
M(1)

T , M(2)
T

⌘i
, (2)

where the unknown mass mX is a free parameter. The minimization is performed over trial
momenta of the undetected particles fulfilling the ~pmiss

T constraint.

In this analysis, all visible objects, such as jets, are clustered into two pseudojets. For this
purpose, we use the hemisphere algorithm defined in Section 13.4 of Ref. [20]. The algorithm
is seeded by the two jets with largest dijet invariant mass. The clustering is performed by
minimizing the Lund distance measure [21, 22]. Standard model multijet events, interpreted
as two pseudojets, may give rise to large MT2 if both pseudojets have large masses. Setting
mvis(i) = 0 in Eq. (1) suppresses the multijet contributions without affecting signal sensitivity,
since the kinematic terms of Eq. (1) are large for most new-physics scenarios. In the following,
MT2 is computed using Evis(i)

T , ~p vis(i)
T (i = 1, 2), and ~pmiss

T , setting both mvis(i) terms in Eq. (1) to
zero.

Although most the background from SM multijet events is thus characterized by small values
of MT2, a residual background at large MT2 arises from multijet events in which the two pseu-
dojets are not back-to-back because of jet energy mismeasurements. Further selection criteria
are applied to suppress these events, as discussed in Section 4.

3 Detector and trigger
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diame-
ter, providing a magnetic field of 3.8 T. Within the superconducting solenoid volume are a sil-
icon pixel and strip tracker, a lead-tungstate crystal electromagnetic calorimeter, and a brass/
scintillator hadron calorimeter, each composed of a barrel and two endcap sections. Muons
are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. Extensive forward calorimetry complements the coverage provided by the barrel
and endcap detectors. The detector is nearly hermetic, covering 0 < f < 2p in azimuth, and
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Figure 7: Distributions of (left column) MCT and (right column) pmiss
T in data and MC simulation

for baseline selected events in the dijet b-tagged search, with (top row) Nb jets = 1 and (bottom
row) Nb jets = 2. Also shown (lines) are the corresponding distributions for two representative
signals, (meb, mec0

1
) = (750, 50) and (300, 150)GeV. Statistical uncertainties are shown for the

data.

The CLs method [86, 87] is used to estimate the lower mass exclusion limits at 95% confidence
level (CL) for third-generation squark pair production. Signal samples are produced as dis-
cussed in Section 4, where the modelling of ISR within MADGRAPH has been re-weighted
to account for observed differences between data and simulation [34], and a corresponding
signal uncertainty assigned. Other sources of uncertainty arise from the jet energy scale, the
PDFs [75, 88], and the integrated luminosity [25]. Signal cross sections include re-summation of
soft-gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [89–93]. Theoretical
uncertainties are dominated by PDF uncertainties, and calculations are detailed in Ref. [88].

The multijet t-tagged analysis and the dijet b-tagged analysis both define mutually exclusive
search and control regions. Because those two analyses are statistically independent of each
other, they are combined using the CLs method, assuming fully correlated systematic uncer-
tainties as nuisance parameters. On the other hand, when choosing between the results from
the monojet analysis and the dijet b-tagged analysis, the analysis with the best a priori expected
limit is selected for any particular point in the bottom squark versus neutralino mass plane.
There is no overlap between the monojet and multijet t-tagged search regions and hence no
special treatment is required when displaying the results of the two analyses on the same mass
plane.

Figure 9 displays the 95% CL exclusion limits for top squark and LSP ec0
1 masses, for either

the etet ! ttec0
1 ec0

1 or etet ! ccec0
1 ec0

1 simplified models, whichever is kinematically allowed. The

Dijet b-tagged 
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on the top squark mass is expected to be about 540 GeV, and is observed to vary between about
460 and 480 GeV. In the bulk region, the lower limit on the LSP mass is expected to be about
200 GeV for a top squark mass near 440 GeV, and is observed to be slightly lower, at about
200 GeV for a top squark mass near 400 GeV.
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Figure 9: Expected and observed 95% CL exclusion limits in the (met, mec0
1
) mass plane for top-

squark pair production, assuming 100% branching fraction to the decay et ! tec0
1, or, in the

case of a highly compressed spectrum, to et ! cec0
1. The ±1sexp and ±1sth limit curves are

also shown. The combined results from the dijet b-tagged and multijet t-tagged searches and
the result from the monojet search are displayed separately. The dashed black diagonal lines
mark the borders of the various kinematic regimes leading to different top squark decays as
described in the text.

Figure 11 is similar to Fig. 10, except that the branching fraction B(et ! tec0
1) = 1 � B(et ! bec±

1 )
is varied between 1.0 and 0.0 in steps of 0.25. For clarity, only the curves of the observed lower
limits are displayed. As the branching fraction B(et ! tec0

1) is reduced from 1.0 to 0.0, the dijet
b-tagged analysis becomes more sensitive, excluding higher LSP higgsino masses, up to nearly
300 GeV (for a top squark mass near 480 GeV) in the case of pure et ! bec±

1 decays (B = 0.0).
Correspondingly, the multijet t-tagged analysis becomes less sensitive because the events fail
the Njets � 5 requirement. For B = 0.0, the top squark mass is excluded up to 610 GeV, when
the higgsino mass is about 170 GeV.

Finally, Fig. 12 shows the 95% CL exclusion limits, in the LSP mass versus bottom squark mass
plane, for the simplified model ebeb ! bbec0

1 ec0
1 with B(eb ! bec0

1) = 1.0. The black diagonal
dashed line shows the allowed kinematic region for bottom squark decay, meb > mec0

1
. The dijet

b-tagged analysis is combined with the monojet analysis by choosing the analysis with the best
expected limit at each point in the mass plane. We expect to exclude the bottom squark up to
680 GeV for the case of a massless LSP, and are able to exclude it to 650 GeV. In the bulk region,
the four MCT binned search regions in which Nb jets = 2 provide the best sensitivity. We expect
to exclude the LSP to 320 GeV and are able to exclude it to 330 GeV for a bottom squark mass
near 480 GeV. For mass points very close to the kinematically allowed boundary, the monojet
search provides a thin strip of exclusion ranging up to about 250 GeV along the diagonal. Oth-
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Figure 10: Expected and observed 95% CL exclusion limits in the (met, mec0
1
) mass plane for

top-squark pair production, assuming 50% branching fraction to the decay et ! tec0
1, with the

remaining 50% of decays proceeding via et ! bec±
1 and where the mass difference between the

ec±
1 and ec0

1 is taken to be 5 GeV. In the case of a highly compressed spectrum, 100% branch-
ing fraction to et ! cec0

1 is assumed. The ±1sexp and ±1sth limit curves are also shown. The
combined results from the dijet b-tagged and multijet t-tagged searches and the result from the
monojet search are displayed separately. The dashed black diagonal lines mark the borders of
the various kinematic regimes leading to different top squark decays as described in the text.

erwise, significant coverage is extended from the bulk region well into the compressed spectra
region via the dijet b-tagged ISR search region with Nb jets = 2.

11 Summary

Three complementary searches have been presented for third-generation squarks in fully had-
ronic final states, corresponding to integrated luminosities of 19.4 or 19.7 fb�1 of proton-proton
collision data, collected at

p
s = 8 TeV by the CMS experiment at the CERN LHC. By exploiting

different search techniques, the separate analyses probe similar physics processes in a variety
of phase space regions, across the top/bottom squark and neutralino mass planes, including
alternative SUSY scenarios in which there exists an intermediate chargino state. No significant
excesses above the predictions from the standard model are observed, and 95% CL exclusion
limits are placed on top and bottom squark masses. A dedicated t-tagging search excludes the
processetet ! ttec0

1 ec0
1 with met  560 GeV for mec0

1
⇡ 0 GeV. A dedicated b-tagging search excludes

the process ebeb ! bbec0
1 ec0

1 with meb  650 GeV for mec0
1
⇡ 0 GeV. The process etet ! tec0

1bec�
1 !

tbW� ec0
1 ec0

1 and its charge conjugate are excluded for different branching fractions of the top
squark decay, and the two analyses are combined to exclude the region met  460 GeV with
mec0

1
 150 GeV and B(et ! tec0

1) = 0.5 assuming the ec0
1 and ec±

1 to be nearly mass degenerate.
A dedicated monojet search in the compressed region of the top (bottom) squark versus LSP
mass plane excludes etet ! ccec0

1 ec0
1 (ebeb ! bbec0

1 ec0
1) production for met(meb)  250 GeV and met �
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on the top squark mass is expected to be about 540 GeV, and is observed to vary between about
460 and 480 GeV. In the bulk region, the lower limit on the LSP mass is expected to be about
200 GeV for a top squark mass near 440 GeV, and is observed to be slightly lower, at about
200 GeV for a top squark mass near 400 GeV.
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) mass plane for top-

squark pair production, assuming 100% branching fraction to the decay et ! tec0
1, or, in the

case of a highly compressed spectrum, to et ! cec0
1. The ±1sexp and ±1sth limit curves are

also shown. The combined results from the dijet b-tagged and multijet t-tagged searches and
the result from the monojet search are displayed separately. The dashed black diagonal lines
mark the borders of the various kinematic regimes leading to different top squark decays as
described in the text.

Figure 11 is similar to Fig. 10, except that the branching fraction B(et ! tec0
1) = 1 � B(et ! bec±

1 )
is varied between 1.0 and 0.0 in steps of 0.25. For clarity, only the curves of the observed lower
limits are displayed. As the branching fraction B(et ! tec0

1) is reduced from 1.0 to 0.0, the dijet
b-tagged analysis becomes more sensitive, excluding higher LSP higgsino masses, up to nearly
300 GeV (for a top squark mass near 480 GeV) in the case of pure et ! bec±

1 decays (B = 0.0).
Correspondingly, the multijet t-tagged analysis becomes less sensitive because the events fail
the Njets � 5 requirement. For B = 0.0, the top squark mass is excluded up to 610 GeV, when
the higgsino mass is about 170 GeV.

Finally, Fig. 12 shows the 95% CL exclusion limits, in the LSP mass versus bottom squark mass
plane, for the simplified model ebeb ! bbec0

1 ec0
1 with B(eb ! bec0

1) = 1.0. The black diagonal
dashed line shows the allowed kinematic region for bottom squark decay, meb > mec0

1
. The dijet

b-tagged analysis is combined with the monojet analysis by choosing the analysis with the best
expected limit at each point in the mass plane. We expect to exclude the bottom squark up to
680 GeV for the case of a massless LSP, and are able to exclude it to 650 GeV. In the bulk region,
the four MCT binned search regions in which Nb jets = 2 provide the best sensitivity. We expect
to exclude the LSP to 320 GeV and are able to exclude it to 330 GeV for a bottom squark mass
near 480 GeV. For mass points very close to the kinematically allowed boundary, the monojet
search provides a thin strip of exclusion ranging up to about 250 GeV along the diagonal. Oth-
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squark pair production, assuming 100% branching fraction to the decay et ! tec0
1, or, in the

case of a highly compressed spectrum, to et ! cec0
1. The ±1sexp and ±1sth limit curves are

also shown. The combined results from the dijet b-tagged and multijet t-tagged searches and
the result from the monojet search are displayed separately. The dashed black diagonal lines
mark the borders of the various kinematic regimes leading to different top squark decays as
described in the text.

Figure 11 is similar to Fig. 10, except that the branching fraction B(et ! tec0
1) = 1 � B(et ! bec±

1 )
is varied between 1.0 and 0.0 in steps of 0.25. For clarity, only the curves of the observed lower
limits are displayed. As the branching fraction B(et ! tec0

1) is reduced from 1.0 to 0.0, the dijet
b-tagged analysis becomes more sensitive, excluding higher LSP higgsino masses, up to nearly
300 GeV (for a top squark mass near 480 GeV) in the case of pure et ! bec±

1 decays (B = 0.0).
Correspondingly, the multijet t-tagged analysis becomes less sensitive because the events fail
the Njets � 5 requirement. For B = 0.0, the top squark mass is excluded up to 610 GeV, when
the higgsino mass is about 170 GeV.

Finally, Fig. 12 shows the 95% CL exclusion limits, in the LSP mass versus bottom squark mass
plane, for the simplified model ebeb ! bbec0

1 ec0
1 with B(eb ! bec0

1) = 1.0. The black diagonal
dashed line shows the allowed kinematic region for bottom squark decay, meb > mec0

1
. The dijet

b-tagged analysis is combined with the monojet analysis by choosing the analysis with the best
expected limit at each point in the mass plane. We expect to exclude the bottom squark up to
680 GeV for the case of a massless LSP, and are able to exclude it to 650 GeV. In the bulk region,
the four MCT binned search regions in which Nb jets = 2 provide the best sensitivity. We expect
to exclude the LSP to 320 GeV and are able to exclude it to 330 GeV for a bottom squark mass
near 480 GeV. For mass points very close to the kinematically allowed boundary, the monojet
search provides a thin strip of exclusion ranging up to about 250 GeV along the diagonal. Oth-
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Figure 10: Expected and observed 95% CL exclusion limits in the (met, mec0
1
) mass plane for

top-squark pair production, assuming 50% branching fraction to the decay et ! tec0
1, with the

remaining 50% of decays proceeding via et ! bec±
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region via the dijet b-tagged ISR search region with Nb jets = 2.

11 Summary
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p
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1) = 0.5 assuming the ec0
1 and ec±

1 to be nearly mass degenerate.
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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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Two leptonic production mechanism considered  
①  decays of squarks and gluinos with Z bosons in the final state  
②  decays of neutralinos resulting in a kinematic endpoint in the dilepton 

invariant mass distribution  

in Fig. 1. The gravitino mass is set to be su�ciently small such that the NLSP decays are prompt. The
decay length c⌧NLSP (where ⌧NLSP is the lifetime of the NLSP) can vary depending on µ, and is longest
at µ = 120 GeV, where it is 2 mm, decreasing to c⌧NLSP < 0.1 mm for µ � 150 GeV. The finite NLSP
lifetime is taken into account in the MC signal acceptance and e�ciency determination.

All simplified models are produced using MadGraph5 1.3.33 with the CTEQ6L1 PDF set, interfaced with
Pythia 6.426. The scale parameter for MLM matching [51] is set at a quarter of the mass of the lightest
strongly produced sparticle in the matrix element. The SUSY mass spectra, gluino branching fractions and
the gluino decay width for the GGM scenarios are calculated using Suspect 2.41 [52] and Sdecay 1.3 [53].
The GGM signal samples are generated using Pythia 6.423 with the MRST2007 LO⇤ [54] PDF set. The
underlying event is modelled using the AUET2 tune for all signal samples. Signals are normalised to
cross sections calculated at next-to-leading order (NLO) in ↵s, including the resummation of soft gluon
emission at next-to-leading-logarithmic accuracy (NLO+NLL) [55–59].

A full ATLAS detector simulation [60] using GEANT4 [61] is performed for most of the SM background
MC samples. The signal and remaining SM MC samples use a fast simulation [62], which employs a
combination of a parameterisation of the response of the ATLAS electromagnetic and hadronic calorimet-
ers and GEANT4. To simulate the e↵ect of multiple pp interactions occurring during the same (in-time)
or a nearby (out-of-time) bunch-crossing, called pile-up, minimum-bias interactions are generated and
overlaid on top of the hard-scattering process. These are produced using Pythia8 with the A2 tune [63].
MC-to-data corrections are made to simulated samples to account for small di↵erences in lepton identi-
fication and reconstruction e�ciencies, and the e�ciency and misidentification rate associated with the
algorithm used to distinguish jets containing b-hadrons.

Figure 1: Decay topologies for example signal processes. A simplified model involving gluino pair production, with
the gluinos following two-step decays via sleptons to neutralino LSPs is shown on the left. The diagram on the right
shows a GGM decay mode, where gluinos decay via neutralinos to gravitino LSPs.

4. Physics object identification and selection

Electron candidates are reconstructed using energy clusters in the electromagnetic calorimeter matched
to ID tracks. Electrons used in this analysis are assigned either “baseline” or “signal” status. Baseline
electrons are required to have transverse energy ET > 10 GeV, satisfy the “medium” criteria described in
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VRT 
(HT > 500 GeV) 
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(HT > 600 GeV) 
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(HT > 600 GeV) 

VRT 
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(HT > 500 GeV) 

CRT 
(HT > 600 GeV) 

Figure 3: Diagram indicating the position in the Emiss
T versus dilepton invariant mass plane of SR-Z, the control

region CRT, and the two validation regions (VRT and VRTZ) used to validate the sideband fit for the on-Z search.
VRT and VRTZ have lower HT thresholds than CRT and SR-Z.

Signal Flavour-symmetry Sideband fit
region

SR-Z ee 2.8 ± 1.4 4.9 ± 1.5
SR-Z µµ 3.3 ± 1.6 5.3 ± 1.9

Table 5: The number of events for the flavour-symmetric background estimate in the on-Z signal region (SR-Z)
using the data-driven method based on data in CReµ. This is compared with the prediction for the sum of the
flavour-symmetric backgrounds (WW, tW, tt̄ and Z ! ⌧⌧) from a sideband fit to data in CRT. In each case the
combined statistical and systematic uncertainties are indicated.

of events very close to the SR. The second variation, denoted VRT/VRTZ (high Emiss
T ), shows VRT/VRTZ

with the same Emiss
T cut as SR-Z, but the requirement 400 < HT < 600 GeV is added to provide a sample of

events very close to the SR. In all cases the data are consistent with the prediction. GGM signal processes
near the boundary of the expected excluded region are expected to contribute little to the normalisation
regions, with contamination at the level of up to 4 % in CRT and 3 % in VRT. The corresponding con-
tamination in VRTZ is expected to be ⇠ 10 % across most of the relevant parameter space, increasing to a
maximum value of ⇠50 % in the region near m(g̃) = 700 GeV, µ = 200 GeV.

6.2.2. Flavour-symmetric background in the o↵-Z search

The background estimation method of Eq. (2) is extended to allow a prediction of the background dilepton
mass shape, which is used explicitly to discriminate signal from background in the o↵-Z search. In

16

§  Various decay chains can give 2l+jets+MET 
§  tt (main background) estimated from data using eµ 

events with the same cuts as the signal region (SR), 
cross checked using Z side-bands  

Similar analysis from CMS Collaboration à arXiv: 1502.06031 

HT = scalar sum of all jet pT 

For Z+MET channel,à search, control and validation regions 
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Figure 6: The dilepton mass (top) and Emiss
T (bottom) distributions for the electron (left) and muon (right) channel

in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss
T ) > 0.4. All uncertainties are included in the

hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the Emiss
T distributions,

the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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For the on-Z analysis, the data exceeds the 
background expectations in the ee (µµ) channel 
with a significance of 3 (1.7) σ deviations.  
 Channel SR-Z ee SR-Z µµ SR-Z same-flavour

combined

Observed events 16 13 29

Expected background events 4.2 ± 1.6 6.4 ± 2.2 10.6 ± 3.2

Flavour-symmetric backgrounds 2.8 ± 1.4 3.3 ± 1.6 6.0 ± 2.6
Z/�⇤ + jets (jet-smearing) 0.05 ± 0.04 0.02+0.03

�0.02 0.07 ± 0.05
Rare top 0.18 ± 0.06 0.17 ± 0.06 0.35 ± 0.12
WZ/ZZ diboson 1.2 ± 0.5 1.7 ± 0.6 2.9 ± 1.0
Fake leptons 0.1+0.7

�0.1 1.2+1.3
�1.2 1.3+1.7

�1.3

Table 7: Results in the on-Z SRs (SR-Z). The flavour symmetric, Z/�⇤ + jets and fake-lepton background compon-
ents are all derived using data-driven estimates described in the text. All other backgrounds are taken from MC
simulation. The displayed uncertainties include the statistical and systematic uncertainty components combined.

Dilepton invariant mass and Emiss
T distributions in the electron and muon on-Z SR are shown in Fig. 6,

with HT and jet multiplicity being shown in Fig. 7. For the SR selection a requirement is imposed to reject
events with ��(jet1,2, Emiss

T ) < 0.4 to further suppress the background from Z/�⇤ + jets processes with
mismeasured jets.

In Fig. 8, the distribution of events in the on-Z SR as a function of ��(jet1,2, Emiss
T ) (before this requirement

is applied) is shown. In these figures the shapes of the flavour-symmetric and Z/�⇤ + jets backgrounds are
derived using MC simulation and the normalisation is taken according to the data driven estimate.

For the o↵-Z search, the dilepton mass distributions in the five SRs are presented in Figs. 9 and 10,
and summarised in Fig. 11. The expected backgrounds and observed yields in the below-Z and above-Z
regions for SR-2j-bveto, SR-4j-bveto, and SR-loose are presented in Tables 8, 9, and 10, respectively.
Corresponding results for SR-2j-btag and SR-4j-btag are presented in A. The data are consistent with the
expected SM backgrounds in all regions. In the SR-loose region with 20 < m`` < 70 GeV, in which
the CMS Collaboration observed a 2.6� excess, 1133 events are observed, compared to an expectation of
1190 ± 40 ± 70 events.
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expected SM backgrounds in all regions. In the SR-loose region with 20 < m`` < 70 GeV, in which
the CMS Collaboration observed a 2.6� excess, 1133 events are observed, compared to an expectation of
1190 ± 40 ± 70 events.
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Channel SR-Z ee SR-Z µµ SR-Z same-flavour
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Z/�⇤ + jets (jet-smearing) 0.05 ± 0.04 0.02+0.03

�0.02 0.07 ± 0.05
Rare top 0.18 ± 0.06 0.17 ± 0.06 0.35 ± 0.12
WZ/ZZ diboson 1.2 ± 0.5 1.7 ± 0.6 2.9 ± 1.0
Fake leptons 0.1+0.7

�0.1 1.2+1.3
�1.2 1.3+1.7

�1.3

Table 7: Results in the on-Z SRs (SR-Z). The flavour symmetric, Z/�⇤ + jets and fake-lepton background compon-
ents are all derived using data-driven estimates described in the text. All other backgrounds are taken from MC
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Figure 11: The observed and expected yields in the below-Z (left) and above-Z (right) dilepton mass regions, for the
VR and five SRs of the o↵-Z search. Here below-Z is 20 < m`` < 70 GeV for VR-o↵Z and SR-loose and otherwise
20 < m`` < 80 GeV; above-Z is m`` > 110 GeV. The bottom plot shows the di↵erence in standard deviations
between the observed and expected yields. Results are shown for the ee and µµ channels as well as for the sum.

9. Interpretation of results

In this section, exclusion limits are shown for the SUSY models described in Sect. 3. The asymptotic
CLS prescription [89], implemented in the HistFitter program [90], is used to determine upper limits
at 95 % confidence level (CL). All signal and background uncertainties are taken into account using
a Gaussian model of nuisance parameter integration. All uncertainties except that on the signal cross
section are included in the limit-setting configuration. The impact of varying the signal cross sections by
their uncertainties is indicated separately. Numbers quoted in the text are evaluated from the observed
exclusion limit based on the nominal signal cross section minus its 1� theoretical uncertainty.

For the on-Z analysis, the data exceeds the background expectations in the ee (µµ) channel with a signi-
ficance of 3.0 (1.7) standard deviations. Exclusion limits in specific models allow us to illustrate which
regions of the model parameter space are a↵ected by the observed excess, by comparing the expected and
observed limits. The results in SR-Z ee and SR-Z µµ (Table 7) are considered simultaneously. The signal
contamination in CReµ is found to be at the ⇠ 1 % level, and is therefore neglected in this procedure. The
expected and observed exclusion contours, in the plane of µ versus m(g̃) for the GGM model, are shown in
Fig. 12. The ±1�exp and ±2�exp experimental uncertainty bands indicate the impact on the expected limit
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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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SUSY: Same-flavour opp.-sign dilepton pair, jets, and MET 
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Figure 12: The 95 % CL exclusion limit from the on-Z combined same-flavour channels in the µ versus m(g̃) plane
in the GGM model with tan � = 1.5 (top) and tan � = 30 (bottom). The dark blue dashed line indicates the expected
limits at 95 % CL and the green (yellow) bands show the ±1� (±2�) variation on the expected limit as a consequence
of the experimental and theoretical uncertainties on the background prediction. The observed limits are shown by
the solid red lines, with the dotted red lines indicating the limit obtained upon varying the signal cross section by
±1�. The region below the grey line has the gluino mass less than the lightest neutralino mass and is hence not
considered. The value of the lightest neutralino mass is indicated by the x-axis inset.
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The results are interpreted in a supersymmetric model of general gauge mediation and the 
expected background contribution to the SR the number of events in data is higher than 
anticipated (left). The second search targets events with a lepton pair with invariant mass 
inconsistent with Z boson decay (right) 

in Fig. 1. The gravitino mass is set to be su�ciently small such that the NLSP decays are prompt. The
decay length c⌧NLSP (where ⌧NLSP is the lifetime of the NLSP) can vary depending on µ, and is longest
at µ = 120 GeV, where it is 2 mm, decreasing to c⌧NLSP < 0.1 mm for µ � 150 GeV. The finite NLSP
lifetime is taken into account in the MC signal acceptance and e�ciency determination.

All simplified models are produced using MadGraph5 1.3.33 with the CTEQ6L1 PDF set, interfaced with
Pythia 6.426. The scale parameter for MLM matching [51] is set at a quarter of the mass of the lightest
strongly produced sparticle in the matrix element. The SUSY mass spectra, gluino branching fractions and
the gluino decay width for the GGM scenarios are calculated using Suspect 2.41 [52] and Sdecay 1.3 [53].
The GGM signal samples are generated using Pythia 6.423 with the MRST2007 LO⇤ [54] PDF set. The
underlying event is modelled using the AUET2 tune for all signal samples. Signals are normalised to
cross sections calculated at next-to-leading order (NLO) in ↵s, including the resummation of soft gluon
emission at next-to-leading-logarithmic accuracy (NLO+NLL) [55–59].

A full ATLAS detector simulation [60] using GEANT4 [61] is performed for most of the SM background
MC samples. The signal and remaining SM MC samples use a fast simulation [62], which employs a
combination of a parameterisation of the response of the ATLAS electromagnetic and hadronic calorimet-
ers and GEANT4. To simulate the e↵ect of multiple pp interactions occurring during the same (in-time)
or a nearby (out-of-time) bunch-crossing, called pile-up, minimum-bias interactions are generated and
overlaid on top of the hard-scattering process. These are produced using Pythia8 with the A2 tune [63].
MC-to-data corrections are made to simulated samples to account for small di↵erences in lepton identi-
fication and reconstruction e�ciencies, and the e�ciency and misidentification rate associated with the
algorithm used to distinguish jets containing b-hadrons.

Figure 1: Decay topologies for example signal processes. A simplified model involving gluino pair production, with
the gluinos following two-step decays via sleptons to neutralino LSPs is shown on the left. The diagram on the right
shows a GGM decay mode, where gluinos decay via neutralinos to gravitino LSPs.

4. Physics object identification and selection

Electron candidates are reconstructed using energy clusters in the electromagnetic calorimeter matched
to ID tracks. Electrons used in this analysis are assigned either “baseline” or “signal” status. Baseline
electrons are required to have transverse energy ET > 10 GeV, satisfy the “medium” criteria described in
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EXO: Third-generation scalar leptoquarks in the tτ channel  

arXiv: 1503.09049
CMS Collaboration!

pair production of third-generation scalar leptoquarks  
          decaying to top quark and tau lepton pairs  

Ø  Signal topology: an electron or a muon, a hadronically decaying tau 
lepton, and two or more jets.  
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Figure 1: One of the LQ3LQ3 decay chains with both same-sign and opposite-sign `th pairs.
Labels u and d denote up and down type quarks, and ` denotes an electron or a muon.

that can satisfy the requirements for both categories.

The signature for this search is chosen to be `th+X, where ` denotes an electron or a muon, and
X is two or more jets and any additional charged leptons in category A, or three or more jets
and any additional charged leptons in category B. The additional jet requirement in category B
is beneficial in suppressing background events from dominant SM processes with two jets and
an opposite-sign `th pair.

2 Reconstruction and identification of physics objects

The CMS apparatus is a multipurpose particle detector with a superconducting solenoid of 6 m
internal diameter, which provides a magnetic field of 3.8 T. Within the volume of the solenoid
are a silicon pixel and strip tracker, a lead tungstate crystal electromagnetic calorimeter, and a
brass and scintillator hadron calorimeter, each composed of a barrel and two endcap sections.
Muons are measured in gas-ionization detectors embedded in the steel flux-return yoke out-
side the solenoid. Extensive forward calorimetry complements the coverage provided by the
barrel and endcap detectors. A more detailed description of the CMS detector, together with a
definition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [20].

The electron, muon, and t lepton candidates used in this paper are reconstructed using a
particle-flow (PF) event reconstruction technique [21, 22] which reconstructs and identifies sin-
gle particles (muons, electrons, charged/neutral hadrons, and photons) using an optimized
combination of all subdetector information.

Muon candidates are reconstructed from a combined track in the muon system and the track-
ing system [23]. The hadronically decaying t lepton candidates are reconstructed via the
“hadron-plus-strips” algorithm which combines one or three charged hadrons with up to two
neutral pions that are reconstructed from PF candidates combining tracker and calorimeter in-
formation [24]. Electron candidates are obtained by reconstructing trajectories from hits in the
tracker layers and energy depositions in the electromagnetic calorimeter with a Gaussian sum
filter [25].

Jets are reconstructed by using the anti-kT algorithm [22, 26, 27] to cluster PF candidates with a
distance parameter of DR = 0.5 (where DR =

p
(Dh)2 + (Df)2, h denotes the pseudorapidity

and f denotes the azimuthal angle in radians). The missing transverse momentum ~pmiss
T is

calculated as a negative vectorial sum of the transverse momenta of all the PF candidates. The
missing transverse energy Emiss

T is defined as the magnitude of the ~pmiss
T vector. Jet energy

corrections are applied to all jets and are also propagated to the calculation of Emiss
T [28].
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4 4 Event selection

Table 1: Summary of the search strategies in event categories A and B.
Category A Category B

Lepton selection Same-sign µth pair µth or eth pair
(category A events are removed)

Jet selection At least two jets At least three jets

Emiss
T requirement No Emiss

T requirement Emiss
T > 50 GeV

ST and t lepton pT Optimized for each LQ ST > 1000 GeV, pt
T > 20 GeV

requirements mass hypothesis

Background estimation
Main component containing Estimated via simulation, corrections
misidentified muons & t leptons applied for t lepton misidentification
estimated using data events rate and top quark and W pT distributions

Search regions 2 search regions binned in f|h| 8 search regions in 4 t lepton pT regions
for µth and eth channels

samples vary between 8% and 12%.

4 Event selection

A summary of the search regions, selection criteria, and the methods used to determine back-
ground contributions for categories A and B is given in Table 1.

4.1 Event selection in category A

In category A, two selections, denoted as loose and tight, are defined for the muon and t lepton
candidates, which differ only in the thresholds of the isolation requirements. The tight selec-
tions are applied to define the signal region, and the loose selections are used in the estimation
of backgrounds as defined in Section 5.1.

Muon candidates are required to have pT > 25 GeV and |h| < 2.1. The loose muon selection
has no isolation requirement, whereas the tight muon selection requires the scalar pT sum of all
PF candidates in a cone of radius DR = 0.4 around the muon to be less than 12% of the muon
pT. The muon kinematic and isolation thresholds are chosen to match the trigger requirements
used in selecting the events.

Hadronically decaying t lepton candidates are required to satisfy pT > 20 GeV and |h| < 2.1.
For the loose t lepton selection, the scalar pT sum of charged hadron and photon PF candidates
with pT > 0.5 GeV in a cone of radius DR = 0.3 around the t lepton candidate is required to
be less than 3 GeV. For the tight t lepton selection, a more restrictive isolation requirement is
applied with a cone of radius DR = 0.5 and a threshold value of 0.8 GeV [24]. All th candi-
dates are required to satisfy a requirement that suppresses the misidentification of electrons
and muons as hadronically decaying t leptons [24].

Electron candidates are required to have pT > 15 GeV and |h| < 2.5. The ratio of the scalar pT
sum of all PF candidates in a cone of radius DR = 0.3 around the electron object, relative to the
electron pT, is required to be less than 15%.

All muon, electron, and th candidates are required to be separated by DR > 0.3 from each
other. In addition, the separation between the muon and t lepton candidates and the nearest
jet to which they do not contribute is required to be DR(µ, j)min > 0.5 and DR(t, j)min > 0.7
respectively. This requirement is imposed in order to reduce the impact of QCD jet activity on
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Figure 5: The leading t lepton pT, ST, and jet multiplicity distributions in the signal region
of category B for µth (left column) and eth (right column) channels. The rightmost bin of
each distribution includes overflow and no statistically significant excess is observed in the
suppressed bins. Shaded regions in the histograms represent the total statistical and systematic
uncertainty in the background expectation. The Z-score distribution is provided at the bottom
of each plot. The four regions of the t lepton pT correspond to the four search regions.
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Figure 4: The ST, t lepton pT, and jet multiplicity distributions in the signal region of category
A for central (left column) and forward (right column) channels, using the optimized selection
for MLQ3 = 200 GeV (all other optimized selection criteria yield events that are a subset of
this selection). The rightmost bin of each distribution includes overflow and no statistically
significant excess is observed in the suppressed bins. The systematic uncertainty for each bin of
these distributions is determined independently. Shaded regions in the histograms represent
the total statistical and systematic uncertainty in the background expectation. The Z-score
distribution is provided at the bottom of each plot.

ST = MET+ ΣallPT 
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Figure 6: The expected and observed exclusion limits at 95% CL on the LQ3 pair production
cross section times b2 in category A (upper left), category B (upper right) and the combination
of the two categories (lower left). The theoretical uncertainty in the LQ pair production cross
section includes the PDF and renormalization/factorization scale uncertainties as prescribed in
Ref. [19]. The expected and observed limits on the LQ branching fraction b as a function of the
LQ mass (lower right). The total excluded region (shaded) is obtained by including the results
in Ref. [17], reinterpreted for the LQ3 ! bn scenario.

q  The exclusion limits at 95% CL 
on the LQ3 pair production 
cross section times β2 in 
category and the combination 
(upper row). 

q  The expected and observed 
limits on the LQ branching 
fraction β as a function of the 
LQ mass (lower right).  

 
q  the mass limit can be directly 

applicable to pair produced 
bottom squarks  decaying via 
the RPV coupling λ`333  

 

β à BR parameter for quark and charged lepton with the same generation in LQ: 
assumed to be 1 for 100% BR to the top quark and tau decays   
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the existence of vector-like quarks, an enhancement of the four-top 
            quarks production cross section, the existence of a fourth generation 
            of chiral quarks, or production of two positively charged top quarks.  
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, (b) sgluon

pair production, and (c) same-sign top quark pair production through a BSM flavour-

changing Higgs coupling.

to a possible FCNC coupling of the newly discovered Higgs boson (mH = 125 GeV) and

the other to a second scalar boson with a mass in the range [250, 750] GeV. If the mass

of the mediating particle is much greater than the electroweak symmetry breaking scale,

an effective four-fermion contact interaction can describe the process, thus extending the

search to non-scalar particles. The corresponding Lagrangian contains separate operators

for the different initial-state chiralities [54]:

Ltt =
1
2
CLL

Λ2 (ūLγµtL)(ūLγµtL) + 1
2
CRR

Λ2 (ūRγµtR)(ūRγµtR)

− 1
2
CLR

Λ2 (ūLγµtL)(ūRγµtR) − 1
2
C′

LR

Λ2 (ūLaγµtLb)(ūRbγµtRa) + h.c.
(1.3)

where CLL, C
(′)
LR and CRR are the coefficients of effective operators corresponding to each

chirality configuration and Λ is the scale of the BSM physics. The CLR and C ′
LR terms

lead to kinematically equivalent events, hence only one term is considered in this paper.

Leading-order Feynman diagrams for the production in pp collisions of some of the

signals searched for in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration [54] using an integrated luminosity of

1.04 fb−1 of pp collisions at a centre-of-mass energy
√
s = 7 TeV and the CMS collabor-

ation [55], using an integrated luminosity 19.5 fb−1 of pp collisions at
√
s = 8 TeV, did

not observe a significant excess of same-sign dilepton production. The ATLAS result was

used to set a lower limit of 450 GeV on the mass of a heavy down-type quark, under the

assumption that the branching ratio to Wt is 100%, while the CMS result set upper lim-

its on the four-top-quark production cross section of 49 fb,3 on the sum of the tt and t̄t̄

production cross sections of 720 fb, and on the tt production cross section of 370 fb. The

CMS collaboration also used the same-sign lepton signature as part of a broader search

for vector-like T quarks [56], and ruled out such quarks with mass less than 0.69 TeV.

A more recent search by the ATLAS collaboration [57] using an integrated luminosity of

20.3 fb−1 of pp collisions at
√
s = 8 TeV with similar final states to those reported here

was interpreted in the context of supersymmetric models. The present analysis improves

3Unless stated otherwise, all limits reported are at the 95% confidence level (CL).
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assumption that the branching ratio to Wt is 100%, while the CMS result set upper lim-

its on the four-top-quark production cross section of 49 fb,3 on the sum of the tt and t̄t̄

production cross sections of 720 fb, and on the tt production cross section of 370 fb. The

CMS collaboration also used the same-sign lepton signature as part of a broader search

for vector-like T quarks [56], and ruled out such quarks with mass less than 0.69 TeV.
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20.3 fb−1 of pp collisions at
√
s = 8 TeV with similar final states to those reported here

was interpreted in the context of supersymmetric models. The present analysis improves
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Definition Name

e±e± + e±µ± + µ±µ± + eee+ eeµ + eµµ+ µµµ, Nj ≥ 2

400 < HT < 700 GeV

Nb = 1 SRVLQ0

Nb = 2 Emiss
T > 40 GeV SRVLQ1 SR4t0

Nb ≥ 3 SRVLQ2 SR4t1

HT ≥ 700 GeV

Nb = 1
40 < Emiss

T < 100 GeV SRVLQ3

Emiss
T ≥ 100 GeV SRVLQ4

Nb = 2
40 < Emiss

T < 100 GeV SRVLQ5 SR4t2

Emiss
T ≥ 100 GeV SRVLQ6 SR4t3

Nb ≥ 3 Emiss
T > 40 GeV SRVLQ7 SR4t4

e+e+, e+µ+, µ+µ+, Nj ∈ [2, 4], ∆φℓℓ > 2.5

HT > 450 GeV Nb ≥ 1 Emiss
T > 40 GeV SRttee, SRtteµ, SRttµµ

Table 4: Definitions of the different signal regions. Nj is the number of jets that pass the

selection requirements, and ∆φℓℓ is the separation in φ between the leptons. In regions

SRVLQ0–SRVLQ7, contributions from all lepton flavours are summed.

to all of them is a challenge. As a first step toward a solution, the same-sign top signal

is considered separately from the others, as it has unique characteristics: contributions

are expected only from positively charged lepton pairs, and the jet multiplicity tends to

be lower. The selection for same-sign top events is optimized with respect to HT, Emiss
T ,

and the number of b-tagged jets Nb, with contributions from the ee, eµ, and µµ channels

considered separately.

The remaining signals share a similar final-state topology, but the distribution of events

differs between them in several variables. Therefore several event categories are defined,

based on features of the events such as HT, Emiss
T , and Nb, as shown in table 4. Splitting

the sample in this manner provides good overall efficiency for signal events, while allowing

events that are least likely to arise from background (i.e. events with large values of HT,

Emiss
T , or Nb) to be treated separately in the analysis, thereby enhancing the sensitivity to

BSM physics. The boundaries between categories in HT and Emiss
T were chosen to optimize

the sensitivity to four-top-quark signals; these values are close to optimal for the other

signals considered as well.

All of the categories are considered when searching for vector-like quarks or chiral b′-

quarks, while only the categories that require at least two b-tagged jets are considered when

searching for the production of four top quarks. One consequence of defining several signal

categories is that the data-driven background estimates are subject to large statistical

fluctuations. To mitigate this, all lepton flavours are summed within each category. The

signal regions are defined based on the expected yields of signal and background, taking

into account statistical and systematic effects, without considering the distribution of data.
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Figure 3: Expected background yields and observed data events in various signal regions.

Uncertainties include both the statistical and systematic errors. The difference between

data and expectations is quantified by the means of the significance, computed from the

p-values in tables 8 and 9.

Limits on T5/3 production are set for pair production only, and for the sum of pair

and single production for two different values of the coupling λ of the T5/3 to Wt (λ = 0.5

and 1.0) [84]. This coupling is related to the mixing parameter g∗ used by the model in

refs. [85, 86]: λ = mT5/3
gg∗/ mW

√
2. The pair-production limits are shown in figure 10a,

and correspond to a mass limit of 0.74 TeV (0.81 TeV expected). The limits on pair plus

single production with λ = 0.5 are shown in figure 10b, where the observed mass limit is

0.75 TeV and the expected limit is 0.81 TeV. Finally, limits on pair plus single production

with λ = 1.0 are shown in figure 10c, where again the observed mass limit is 0.75 TeV and

the expected limit is 0.81 TeV.

The upper limit on the cross section for four-top-quark production is 70 fb assuming

SM kinematics, and 61 fb for production with a BSM-physics contact interaction (expected

limits are respectively 27 fb and 22 fb). The cross-section limit for the contact interaction

case is lower than for the SM since the contact interaction tends to result in final-state

objects with larger pT, which increases the selection efficiency. The limits are also inter-

preted in the context of specific BSM physics models. For the contact interaction model,

– 20 –

     à vector-like quarks (VLQ) p-value 2.5 σ 

    VLQ pair prod.   Sgluon  pair prod. 

BSM Flavor changing Higgs coupling 
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Figure 6: Limits on b′-quark pair production: (a) Expected and observed upper limits

on the b′ pair-production cross section times the branching ratio for b′b̄′ → W−tW+t̄, as a

function of the b′-quark mass (the vertical dashed lines indicate the expected and observed

limits on the b′-quark mass, and the shaded band around the theory cross section indicates

the total uncertainty on the calculation); (b) expected and (c) observed exclusion limits on

the b′-quark mass as a function of the assumed branching ratios into c- and t-quarks.
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Figure 7: Observed limits on the pair production cross section as a function of mass for (a)

vector-like B and (b) vector-like T quarks. The vertical dashed lines indicate the expected

and observed limits on the vector-like quark mass. These limits assume branching ratios

given by the model where the B and T quarks exist as singlets [25]. The shaded band

around the theory cross section indicates the total uncertainty on the calculation.
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Figure 8: Expected (a) and observed (b) vector-like B quark mass hypotheses excluded

at 95% CL as a function of the assumed branching ratios.
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Figure 10: Expected and observed cross section limits as a function of mass on (a) T5/3

pair production, (b) T5/3 pair plus single production for coupling λ = 0.5, and (c) T5/3

pair plus single production for λ = 1.0. The vertical dashed lines indicate the expected

and observed limits on the T5/3 mass, and the shaded band around the theory cross section

indicates the total uncertainty on the calculation.
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q  Observed and expected limits 
on the pair production cross 
section as a function of 

  
§  mass for b`-quark pair   
§  T5/3 pair production  
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§  vector-like T quarks  
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indicate the expected and 
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section indicates the total 
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Figure 11: Limits obtained from the search for four-top-quark production. (a) Expected

and observed limits on the coupling constant |C4t| in the contact interaction model for four-

top production as a function of the BSM physics energy scale Λ. The region in the top left

corner, corresponding to |C4t|/Λ2 > 15.1 TeV−2, is excluded at 95% CL. (b) Expected and

observed limits for the sgluon pair-production cross section times branching ratio to four

top quarks as a function of the sgluon mass. (c) Expected and observed limits on the four-

top-quark production rate for the 2UED/RPP model in the symmetric case. The theory

line corresponds to the production of four-top-quark events by tier (1, 1) with a branching

ratio of A(1,1) to tt̄tt̄ of 100%. (d) Expected and observed limits on the four-top-quark

production rate for the 2UED/RPP model in the symmetric case. The notation (2) + (2)

is a shorthand for A(2,0)A(2,0) + A(0,2)A(0,2). The theory line corresponds to the four-top-

quark production by tiers (2, 0)+ (0, 2) alone (BR(A(1,1) !→ tt̄tt̄) = 0). The vertical dashed

lines in (b), (c), and (d) indicate the expected and observed limits on the sgluon mass or on

mKK, and the shaded band around the theory cross section indicates the total uncertainty

on the calculation.
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physics models that can enhance the rate. These can generically be described in terms of a

four-fermion contact interaction with coupling strength C4t/Λ2, where C4t is the coupling

constant and Λ is the scale of the BSM physics [30]. The Lagrangian for this interaction is

L4t =
C4t

Λ2
(t̄Rγ

µtR) (t̄RγµtR) (1.1)

where tR is the right handed top spinor and the γµ are the Dirac matrices. Two specific

models are also considered. The first is sgluon pair production, where sgluons are colour-

adjoint scalars that appear in several extensions to the SM [31–36]. If the sgluon mass is

above the top quark pair-production threshold, the dominant decay is to tt̄, resulting in four

top quarks in the final state (tt̄tt̄). The cross sections considered in this paper are rescaled

to the next-to-leading order (NLO) prediction of Ref. [37]. The second model is one with

two universal extra dimensions under the real projective plane geometry (2UED/RPP) [38].

The compactification of the extra dimensions leads to discretization of the momenta along

their directions. The model is parameterized by the radii R4 and R5 of the extra dimensions

or, equivalently, by mKK = 1/R4 and ξ = R4/R5. This model predicts the pair production

of tier2 (1, 1) Kaluza–Klein excitations of the photon (A(1,1)
µ ) with mass approximately√

2mKK that decay to tt̄ with a branching fraction assumed to be 100%. The model also

predicts a four-top-quark signal from tiers (2, 0) and (0, 2). Cosmological observations

constrain mKK in this model to lie approximately between 600 GeV and 1200 GeV [39].

A fourth generation of SM-like quarks includes a charge −1/3 quark, called the b′ [40–

43]. Under the assumption that the b′-quark decays predominantly to Wt, b′ pair produc-

tion results in four W bosons in the final state. If two W bosons with the same electric

charge decay leptonically, there will be a same-sign lepton pair in the final state. If the

b′-quark can also decay to Wq, where q is a light (u or c) quark, some b′ pairs would also

result in same-sign lepton pairs or trileptons (provided that at least one b′-quark decays

to Wt), and therefore the possibility of such decays is explored as well. The existence of

additional chiral quark generations greatly enhances the Higgs boson production cross sec-

tion, so if the new boson observed at the LHC is a manifestation of a minimal Higgs sector,

additional quark generations are ruled out [44–49]. However, a more complex Higgs sector,

as in some Two-Higgs-Doublet models [50], allows a fourth generation of chiral quarks.

Production of two positively charged top quarks via uu → tt can also result in an excess

of same-sign lepton pairs. This process may be mediated via s- or t-channel exchange of a

heavy particle [51, 52]. In the t-channel exchange case, the process must include a vertex

with a flavour-changing neutral current (FCNC). The neutral particle that is exchanged

may be a vector, Z-like, particle or a scalar, Higgs-like, particle. Past searches for a new

Z ′ boson have already put strong constraints on this possibility, thus only the scalar case

is considered, with the following generic model Lagrangian [53]:

LFCNC = κutH t̄Hu+ κctH t̄Hc+ h.c. (1.2)

where H is a Higgs-like particle with mass mH and κutH and κctH denote the flavour-

changing couplings of H to up-type quarks. Two scenarios are tested, one corresponding

2A tier of the Kaluza–Klein towers is labelled by two integers, corresponding to the two extra dimensions.

– 3 –

alta alta 

Four fermion contact interaction 
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The final state consists of a merged jet pair and a τ pair resulting from 
            the decays of Z and H bosons  

 
 

7

using an alternative background estimation technique, where tt, W+jets and Z+jets background
contributions are given by Eq. (2), while the QCD multijet background is estimated from a con-
trol sample of events where at least one t candidate fails the isolation requirement. The same
control sample is used to obtain the shape of the QCD distribution in the signal region pre-
sented in Fig. 3.
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Figure 1: Observed distributions of mZH for the all-leptonic channels along with the corre-
sponding MC expectations for signal and background, as well as background estimation de-
rived from data: (top left) tete category; (top right) tetµ category; (bottom) tµtµ category. The
shaded bands indicate the statistical uncertainty from MC background. The signal cross section
is scaled by a factor of 5.

7 Systematic uncertainties

The sources of systematic uncertainty in this analysis, which affect either the background esti-
mation or the signal efficiencies, are described below.

For the signal efficiency, the main uncertainties come from the limited number of signal MC
events (3–10%), the integrated luminosity (2.5%) [43], and the uncertainty on the modeling of
pileup (0.2–2.2%). Hereafter, the ranges indicate the different channels and mass regions used
in the evaluation of the upper limits. The scale factors for lepton identification are derived from
dedicated analyses of observed and simulated Z ! `+`� events, using the “tag-and-probe”
method [36, 38, 44]. The uncertainties in these factors are taken as systematic uncertainties and
amount to 1–4% for electrons, 1–6% for muons and 9–26% for t leptons decaying hadronically.
The jet and lepton four-momenta are varied over a range given by the energy scale and resolu-
tion uncertainties [28]. In this process, variations in the lepton and jet four-momenta are prop-
agated consistently to ~pmiss

T . For the all-leptonic and semileptonic channels, additional uncer-
tainties come from the procedure of removing nearby tracks and leptons used in the hadronic t
reconstruction, and from the isolation variable computation in the case of boosted topologies.

8 7 Systematic uncertainties
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Figure 2: Observed distributions of mZH for the semileptonic channels along with the cor-
responding MC expectations for signal and background, as well as background estimation
derived from data: (left) teth category; (right) tµth category. The shaded bands indicate the
statistical uncertainty from MC background. The signal cross section is scaled by a factor of 5.
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Figure 3: Observed distributions of mZH for the thth category along with the corresponding MC
expectations for signal and background. The shaded bands indicate the statistical uncertainty
from MC background. The signal cross section is scaled by a factor of 5.

5

upper limit is placed on DR`` in order to reject W+jets events, where a jet misidentified as a t
lepton is usually well-separated in space from the isolated lepton. The number of b jets in the
event also provides a useful criterion to reduce the tt contribution. Jets may be identified as
b jets, using the combined secondary vertex algorithm [41] which exploits observables related
to the long lifetime of b hadrons, and are considered if not overlapping with t candidates and
CA-jets. Those b jets are clustered with the anti-kT jet algorithm, with a distance parameter R
= 0.5. Optimization of the selection on these variables is based on the Punzi factor of merit
(P) [42], defined as: P = #sig/(1 +

p
B), where #sig is the signal efficiency and B is the back-

ground yield after applying the selection. The results of the optimization are listed in Table 1.
It has been verified that the optimized values of the selections are not sensitive to the choice of
mZH window used to evaluate #sig and B.

Table 1: Summary of the optimized event selection for the six tt channels. The selection vari-
ables are explained in the text. The label ` refers to electrons, muons, and t leptons decaying
hadronically.

Selection tete, tetµ, tµtµ teth, tµth thth
|~pmiss

T | >100 GeV >50 GeV >80 GeV
pleading

T,` — >35 GeV >50 GeV
Nb-tagged jet =0 =0 —
DR`` <1.0 <1.0 <1.0
mtt — — 105–180 GeV

6 Background estimation

After the full selection, different background estimation techniques based on control samples
in observed events are used for each channel.

In the tete, tetµ, and tµtµ channels, the background is almost entirely composed of Z(⇤)+jets
events. This background source lacks events with a genuine massive boson decaying to quarks,
therefore a technique based on sidebands of the mP

jet and t21 variables is used for background
estimation. In an enlarged search region defined by mP

jet > 20 GeV, we define a ZH “signal
region” by the conditions 70 < mP

jet < 110 GeV and t21 < 0.75, while the rest of the parameter
space is referred to as the “sideband region”.

The total background is estimated in intervals of mZH, using the formula:

Nbkg(x) = N Nsb(x) a(x), (2)

where x = mZH, N is a normalization factor, Nsb(x) is the number of events observed in the
sideband region, in bins of mZH, and a(x) is a binned ratio between the shapes of the mZH distri-
butions in the signal and sideband region, taken from the sum of MC components. The normal-
ization factor is found through a fit of the observed pruned jet mass distribution, following the
procedure used in Ref. [11]. The pruned jet mass distribution in the region 20 < mP

jet < 200 GeV,
t21 < 0.75 is fit in MC samples with the following function:

F(x) = N eax �1 + erf[(x � b)/c]
�
, (3)

where “erf” is the error function and the parameters a, b and c are estimated from the MC
simulation. A fit to the observed distribution, excluding the signal region, is then used to
determine N . Figure 1 shows the observed distributions of mZH in all-leptonic channels, along

Ø  the final products of the two quarks 
or the two  leptons must be 
detected within a small angular 
interval 

Similar analysis from ATLAS Collaboration à arXiv: 1503.08089  
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10 9 Summary

Table 2: Summary of the signal efficiencies, number of expected background events, and num-
ber of observed events for the six tt channels. Only statistical uncertainties are included. For
the all-leptonic and semileptonic channels, numbers of expected background events and ob-
served events are evaluated for each mass point in mZH intervals corresponding to ±2.5 times
the expected resolution. For the all-hadronic channel we consider the number of expected
background, signal, and observed events for mZH > 800 GeV. When the expected background
is zero, the 68% confidence level upper limit is listed.

Mass (TeV) tete tetµ tµtµ teth tµth thth
B(tt) 3.2% 6.2% 3.0% 23.1% 22.6% 41.9%
#sig(%) 0.8 2.8 ± 0.7 3.4 ± 0.5 4.2 ± 0.7 3.3 ± 0.3 4.4 ± 0.3 2.2 ± 0.2

0.9 11 ± 1 16 ± 1 20 ± 2 14.3 ± 0.5 18.7 ± 0.6 11.5 ± 0.4
1.0 17 ± 2 24 ± 1 38 ± 2 21.2 ± 0.6 29.3 ± 0.7 18.0 ± 0.5
1.2 26 ± 2 30 ± 1 39 ± 2 28.3 ± 0.7 35.8 ± 0.7 23.0 ± 0.5
1.5 30 ± 2 42 ± 2 53 ± 2 29.2 ± 0.8 38.1 ± 0.9 29.1 ± 0.7
2.0 28 ± 2 39 ± 2 56 ± 3 31.1 ± 0.8 39.2 ± 0.9 31.9 ± 0.7
2.5 27 ± 2 37 ± 2 42 ± 2 26.8 ± 0.8 37.0 ± 0.8 30.1 ± 0.7

Nbkg 0.8 0.3 ± 0.5 1.1 ± 0.8 1.6 ± 1.2 6.1 ± 2.0 6.7 ± 2.1

6.1+3.2
�2.5

0.9 0.5 ± 0.4 1.7 ± 1.2 3.8 ± 2.1 9.8 ± 3.2 9.2 ± 2.9
1.0 1.4 ± 1.4 1.7 ± 1.0 2.0 ± 0.9 9.5 ± 3.5 7.6 ± 2.2
1.2 1.2 ± 1.2 1.2 ± 0.8 1.4 ± 0.6 5.0 ± 2.0 6.6 ± 2.3
1.5 0.4 ± 0.4 0.07 ± 0.04 0.9 ± 0.4 4.3 ± 1.8 2.6 ± 0.9
2.0 <0.5 <0.4 0.7 ± 0.4 0.1 ± 0.1 <0.4
2.5 <2.1 <0.3 0.3 ± 0.1 0.18 ± 0.05 <0.5

Nobs 0.8 1 1 2 3 10

8

0.9 2 2 3 4 13
1.0 2 2 5 2 13
1.2 0 1 3 5 12
1.5 0 0 1 2 5
2.0 0 1 0 0 0
2.5 0 0 0 0 0

 [GeV]ZHm
1000 1500 2000 2500

) 
[fb

]
- τ

+ τ 
→

 B
(H

 
×

) q
 q

→
 B

(Z
 

×
 Z

H
) 

→
 Z

' 
→

(p
p 

σ -210

-110

1

10

210
 = 3)

V
HVT Model B (g

σ 1±Expected 
σ 2±Expected 

Observed

 (8 TeV)-119.7 fb
CMS

Figure 4: Expected and observed upper limits on the quantity s(Z0) B(Z0 ! ZH) for the six
analysis channels combined. Green and yellow bands correspond to ±1 or ±2s variations on
the expected upper limit, respectively.

9 Summary

The first search for a highly massive (�0.8 TeV) and narrow resonance decaying to Z and H
bosons that decay in turn to merged dijet and t+t� final states has been conducted with data
samples collected in 8 TeV proton-proton collisions by the CMS experiment in 2012. For a high-
mass resonance decaying to much lighter Z and H bosons, the final state particles must be
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Figure 5: Exclusion regions in the plane of the HVT-model coupling constants (gVcH, g2cF/gV)
for two resonance masses, 1.0 and 1.5 TeV. The point B of the benchmark model used in the
analysis is also shown. The boundaries of the regions of the plane excluded by this search are
indicated by the dashed and dotted lines, and associated hatching. The areas indicated by the
solid line and solid shading correspond to regions where the theoretical width is larger than
the experimental resolution of the present search, where the narrow-resonance assumption is
not satisfied.

detected and reconstructed in small angular regions. This search was performed by adopting
novel and advanced reconstruction techniques to accomplish that end. From a combination of
all possible decay modes of the t leptons, production cross sections in a range between 0.9 and
27.8 fb, depending on the resonance mass (0.8–2.5 TeV), are excluded at a 95% confidence level.
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upper limit is placed on DR`` in order to reject W+jets events, where a jet misidentified as a t
lepton is usually well-separated in space from the isolated lepton. The number of b jets in the
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(P) [42], defined as: P = #sig/(1 +

p
B), where #sig is the signal efficiency and B is the back-

ground yield after applying the selection. The results of the optimization are listed in Table 1.
It has been verified that the optimized values of the selections are not sensitive to the choice of
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Table 1: Summary of the optimized event selection for the six tt channels. The selection vari-
ables are explained in the text. The label ` refers to electrons, muons, and t leptons decaying
hadronically.

Selection tete, tetµ, tµtµ teth, tµth thth
|~pmiss

T | >100 GeV >50 GeV >80 GeV
pleading

T,` — >35 GeV >50 GeV
Nb-tagged jet =0 =0 —
DR`` <1.0 <1.0 <1.0
mtt — — 105–180 GeV

6 Background estimation

After the full selection, different background estimation techniques based on control samples
in observed events are used for each channel.

In the tete, tetµ, and tµtµ channels, the background is almost entirely composed of Z(⇤)+jets
events. This background source lacks events with a genuine massive boson decaying to quarks,
therefore a technique based on sidebands of the mP

jet and t21 variables is used for background
estimation. In an enlarged search region defined by mP

jet > 20 GeV, we define a ZH “signal
region” by the conditions 70 < mP

jet < 110 GeV and t21 < 0.75, while the rest of the parameter
space is referred to as the “sideband region”.

The total background is estimated in intervals of mZH, using the formula:

Nbkg(x) = N Nsb(x) a(x), (2)

where x = mZH, N is a normalization factor, Nsb(x) is the number of events observed in the
sideband region, in bins of mZH, and a(x) is a binned ratio between the shapes of the mZH distri-
butions in the signal and sideband region, taken from the sum of MC components. The normal-
ization factor is found through a fit of the observed pruned jet mass distribution, following the
procedure used in Ref. [11]. The pruned jet mass distribution in the region 20 < mP

jet < 200 GeV,
t21 < 0.75 is fit in MC samples with the following function:

F(x) = N eax �1 + erf[(x � b)/c]
�
, (3)

where “erf” is the error function and the parameters a, b and c are estimated from the MC
simulation. A fit to the observed distribution, excluding the signal region, is then used to
determine N . Figure 1 shows the observed distributions of mZH in all-leptonic channels, along
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is zero, the 68% confidence level upper limit is listed.
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9 Summary

The first search for a highly massive (�0.8 TeV) and narrow resonance decaying to Z and H
bosons that decay in turn to merged dijet and t+t� final states has been conducted with data
samples collected in 8 TeV proton-proton collisions by the CMS experiment in 2012. For a high-
mass resonance decaying to much lighter Z and H bosons, the final state particles must be
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Table 2: Summary of systematic uncertainties on the expected signal yield, excluding those on the production cross
section and the acceptance. The total systematic uncertainty is obtained by summing the individual contributions
in quadrature.

Source Uncertainty in signal yield [%]
Integrated luminosity 2.8
MC statistics 1.0
Trigger e�ciency 1.0
Photon ID e�ciency 3.0
Photon isolation 0.3–2.1

e�ciency (for m

G

⇤ = 500–3000 GeV)
Total ⇡5
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Figure 3: Observed invariant mass distribution of the selected diphoton events (black dots; the vertical and hori-
zontal axes on logarithmic scales). To compensate for the rapid decrease of the spectrum, the bins are chosen to
have constant logarithmic width. Specifically, the ratio of the upper to lower bin boundary is equal to 1.038 for
all bins, and the first bin starts at 179 GeV. Superimposed are the SM background prediction including irreducible
and reducible components and two examples of signal predictions. The low-mass control region is indicated by an
arrow. (Bottom insert) Bin-by-bin significance of the di↵erence between data and background expectation.

6 Results

The observed diphoton mass spectrum is shown in Fig. 3, together with the background expectation and
the predicted signal for two examples of values of the RS model parameters. The acceptance (i.e. the frac-
tion of simulated events in which both photons satisfy the requirements on |⌘| and E

�
T described above)

for the RS scenario with m

G

⇤ = 2.0 TeV and k/MPl = 0.1 is 89.3% and the selection e�ciency for

9

Search for high mass resonances decaying to pair of photons 
Ø  a clean experimental signature: excellent mass resolution and 

modest backgrounds  
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Figure 2: Uncertainty on the total background estimate as a function of m��. The individual contributions due to
the uncertainties in the irreducible and reducible components, as well as the contribution from the uncertainties in
the normalization of the di↵erent background components (labeled “background composition”), are also shown.

tainty arises from residual imperfections in the simulation of the isolation energy E

iso
T . The uncertainties

in the shape of the reducible background arise from the finite size of the corresponding control samples,
and from the extrapolation of the background shapes from the control samples to the signal region. The
latter are assessed by varying the definition of the loose selection requirement that is used to define the
control samples. The uncertainties in the normalizations of the individual background components are
dominated by the uncertainties in the template shapes that are used in the fit to the isolation energy. They
are assessed by varying the definition of the non-tight selection requirements that are used to obtain the
template shapes.

5 Signal response

Simulated event samples of RS graviton signals at di↵erent values of m

G

⇤ are used to study the response of
the detector for signal events. The samples are generated using Pythia 8.163 with the CTEQ6L1 PDF set,
the AU2 tune and the same detector and pileup simulation as for the SM �� samples described above. The
sources of uncertainty in the expected signal yield are summarized in Table 2. The systematic uncertainty
is dominated by the uncertainty in the e�ciency due to residual imperfections in the simulation of the
observables that are used in the tight photon identification criteria and in the simulation of the isolation
energy. Smaller contributions arise due to the limited size of the simulated samples and the determination
of the trigger e�ciency. The uncertainty in the integrated luminosity is also propagated to the expected
yield. Uncertainties in the RS resonance shape due to our current knowledge of the photon energy scale
and resolution as well as imperfections in the simulation of the pileup conditions were verified to have a
negligible e↵ect on the result.
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Figure 4: Expected and observed upper limits on � ⇥ BR(G⇤ ! ��) expressed at 95% CL, as a function of the
assumed value of the graviton mass. At large m

G

⇤ , the �1� and �2� variations of the expected limit tend to be
particularly close to the expected limit. This is expected, since signals with high m

G

⇤ would appear in regions of m��

where the background expectation is small and the Poissonian fluctuations around the mean expected background
are highly asymmetric. The curves show the RS model prediction for given values of k/MPl as a function of
m

G

⇤ . They are obtained using the Pythia generator plus a K-factor to account for NLO corrections (see text). The
thickness of the theory curve for k/MPl = 0.1 illustrates the PDF uncertainties expressed at 90% CL.

branching fraction � ⇥ BR(G⇤ ! ��) for narrow resonances are reported as a function of the resonance
mass. High-mass diphoton resonances are predicted e.g. in models that postulate the existence of extra
spatial dimensions in order to address the hierarchy problem, and could be observed at the LHC. Limits on
the mass of the lightest graviton state in the framework of the Randall-Sundrum model of extra dimensions
are derived from the limits on � ⇥ BR(G⇤ ! ��). The only free parameters of this model are the mass
of the lightest graviton (m

G

⇤) and the coupling to the SM fields (k/MPl), i.e. � ⇥ BR(G⇤ ! ��) can be
calculated once the values of these two parameters are specified. The limits can therefore be expressed
in terms of m

G

⇤ for a given value of k/MPl. A lower limit of 2.66 (1.41) TeV at 95% confidence level
is obtained on the mass of the lightest graviton for a coupling k/MPl = 0.1 (0.01). The results reported
in this article constitute a significant improvement over the results in Ref. [5] obtained at

p
s = 7 TeV.

The upper limits on � ⇥ BR(G⇤ ! ��) are reduced by a factor of 2.1 (3.6) for a resonance with a mass
of 0.5 TeV (2.75 TeV). The improvement in terms of limits on the parameters of any model is even
larger, as the new limits are expressed in terms of the production cross section at

p
s = 8 TeV, compared

to
p

s = 7 TeV for the old limits. The lower limits on the mass of the lightest RS graviton are also
significantly improved compared to the previous analysis.
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q  As no evidence for a signal is found, upper limits at 95% confidence level are set on the 
production cross section times branching ratio, σ × BR(G∗ → γγ), for the lightest RS graviton  

Expected and observed upper limits on σ 
× BR(G∗ → γγ) expressed at 95% CL, as 
a function of the assumed value of the 
graviton mass.  
 

Expected and observed upper limits on k/MPl 
expressed at 95% CL, as a function of the 
assumed value of the graviton mass.  
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B2G: Dark Matter in association with top-quark pairs in the 
single lepton final state 

Search for the production of DM particles in association with a             
            pair of top quarks, and consider only the scalar contact interaction 
            between fermionic dark matter and top quarks  

 
 

2 3 Data and simulated samples

Figure 1: Dominant diagram contributing to the production of DM particles in association with
top quarks at the LHC.

2 The CMS Detector
The central feature of the CMS apparatus is a superconducting solenoid of 6 m internal diam-
eter, providing a magnetic field of 3.8 T. Within the field volume are a silicon pixel and strip
tracker, a lead tungstate crystal electromagnetic calorimeter (ECAL), and a brass and scintilla-
tor hadron calorimeter (HCAL), each composed of a barrel and two endcap sections. Muons
are measured in gas-ionization detectors embedded in the steel flux-return yoke outside the
solenoid. Extensive forward calorimetry complements the coverage provided by the barrel
and endcap detectors. A more detailed description of the CMS detector, together with a def-
inition of the coordinate system used and the relevant kinematic variables, can be found in
Ref. [13].

3 Data and simulated samples
The data used in this search were recorded with the CMS detector at the LHC at

p
s = 8 TeV,

and correspond to an integrated luminosity of 19.7 fb�1. The data were collected using single-
electron and single-muon triggers, with transverse momentum (pT) thresholds of 27 and 24 GeV
for the electron and muon triggers, respectively. The efficiencies of these triggers in data and
simulation are compared, measured using a tag-and-probe method [14], and the correction
factors are applied to the simulation.

DM signals are generated with MADGRAPH v5.1.5.11 [15] leading order (LO) matrix element
generator using the CTEQ6L1 parton distribution functions (PDF) [16]. The dominant standard
model (SM) background processes for this search are tt+jets, tt + g/W/Z, W+jets, single top
quark, diboson (WW, WZ, and ZZ) and Drell–Yan events. All of these backgrounds except
single top quark and WW events, are generated with the MADGRAPH using CTEQ6L1 PDF.
The top-quark pT distributions in the tt+jet sample generated from MADGRAPH are reweighted
to match the CMS measurements, following the method described in Ref. [17]. Single top quark
processes are generated with the next-to-LO (NLO) generator POWHEG v1.0 using the CTEQ6M
PDF [16]. The WW background is generated with the PYTHIA v6.424 [18]. All events generated
with MADGRAPH are matched to the PYTHIA [18] parton shower description. All events are
passed through the detailed simulation of the CMS detector based on GEANT4 v9.4 [19].

The cross sections of tt+jets [20] and W/Z+jets [21] backgrounds are calculated at next-to-NLO.
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where the momentum of the W boson that decays to an unreconstructed lepton is indicated
by p2, and the momentum of the neutrino from the decay of the other W boson is indicated
by p1. In particular, the intermediate W bosons are assumed to be on-shell, thus adding more
kinematic information to suppress dileptonic tt events where one lepton is lost. In tt events, the
MW

T2 distribution has a kinematic end-point at the top-quark mass, assuming perfect measure-
ments with the detector. By contrast, this is not the case for signal events where two additional
DM particles are present. The calculation of MW

T2 requires that at least two b jets be identified
and be paired correctly to the lepton. When only one b jet is selected, each of the first three re-
maining highest pT jets is considered as the second b jet. When two or more b jets are selected,
all the b jets in the event are used. The MW

T2 value is then calculated for all possible jet-lepton
combinations and the minimum value is taken as the event discriminant. We select events with
MW

T2 > 200 GeV.

Figure 2: Schematic of a dileptonic tt event where only one lepton is reconstructed [40]. This
represents the dominant type of tt background to this search. The momentum of the W boson
that decays to an unreconstructed lepton is indicated by p2, and the momentum of the neutrino
from the decay of the other W boson is indicated by p1. The same notation is used in Eq. (3).

In addition, the jets and the ~pmiss
T tend to be more separated in f in signal events than in tt

background. We therefore require the minimum opening angle in f between each of the first
two leading jets and ~pmiss

T to be larger than 1.2. In summary, the signal region (SR) for our
search is Emiss

T > 320 GeV, MT > 160 GeV, MW
T2 > 200 GeV and min Df(j1,2,~pmiss

T ) > 1.2. These
selection criteria are optimized based on the expected significance for DM masses between 1
and 1000 GeV.

Figure 3 shows the distributions of Emiss
T , MT, MW

T2, and min Df(j1,2,~pmiss
T ) after applying all

other selections except the one plotted, showing their discriminating power between signal
and background.

6 Background estimation
Standard model backgrounds are estimated from simulation, with data-to-simulation scale fac-
tors (SF) applied to the dominant backgrounds from tt+jets and W+jets.

Two control regions (CR) are defined to extract these SFs. One is the preselection with the
additional requirement of MT > 160 GeV (CR1). The sample in CR1 is dominated by tt+jets
background. The other (CR2) is defined the same way as CR1 except that no jet should satisfies
the b-tag requirement, resulting in a sample enriched in W+jets events. The subdominant back-

4 5 Event selection

Jets are reconstructed from PF candidates that are clustered with the anti-kT algorithm [33]
with a distance parameter of 0.5, using the FASTJET package [34]. Jet energy scale corrections
obtained from data and simulation are applied to account for the response function of the
combined calorimetry to hadronic showers and pileup effects [35, 36]. The jet pT resolution in
simulation is adjusted to match that measured in data [37]. Jet candidates are required to have
pT > 30 GeV and |h| < 4.0, and to satisfy a very loose set of quality criteria [37]. The combined
secondary vertex (CSV) b-tagging algorithm [38] is used to identify jets from the hadronization
of b quarks. The CSV algorithm exploits the large impact parameters and probable presence of
a displaced vertex which are common in b-quark-initiated jets. This information is combined
in a likelihood discriminant providing a continuous output between 0 and 1. In this search, a
selected jet is considered to be b-tagged if it has a CSV discriminant value greater than 0.679
and |h| < 2.4. An event-by-event correction factor is applied to simulated events to account for
the difference in performance of the b-tagging between data and simulation [39].

Missing transverse energy (Emiss
T ) is measured as the magnitude of the vectorial pT sum of all

PF candidates, taking into account the jet energy corrections.

5 Event selection
In semileptonic tt decays, two b quarks and two light quarks are produced. Therefore most of
the selected signal events contain at least four jets. However, we set the requirement to be three
or more rather than four or more identified jets in an event, since this is found to improve the
search sensitivity by 10%. In addition, we require at least one b-tagged jet (“b jet”) in the event,
and only one identified isolated lepton.

Signal events usually have larger Emiss
T than the backgrounds because of two DM particles,

neither of which leave any energy in the detector. Events are therefore required to have Emiss
T >

160 GeV. These selection criteria are referred to as the “preselection”. After preselection, the
dominant backgrounds are from tt and W+jets production. Other backgrounds include single
top, Drell–Yan and diboson production. The QCD multijet contribution to the background is
negligible because of the requirements of a high-pT isolated lepton, large Emiss

T , and a b-tagged
jet.

To improve the search sensitivity, we further select events with Emiss
T > 320 GeV. The remaining

W+jets and most tt backgrounds contain a single leptonically decaying W boson. The trans-
verse mass, defined as MT ⌘

p
2Emiss

T p`T(1 � cos(Df)), where p`T is the transverse momentum
of the lepton and Df is the opening angle in azimuth between the lepton and ~pmiss

T vector, is
constrained kinematically to MT < MW for the on-shell W boson decay in the tt and W+jets
events. For signal events, off-shell W boson decays, and tt dilepton decay channel, MT can ex-
ceed MW. Therefore a requirement of MT > 160 GeV is applied to increase the discrimination
of the background relative to the signal.

The dominant background with large MT arises from dileptonic tt events where one of the lep-
tons is unobserved, illustrated in Fig. 2. The MW

T2 variable [40] is exploited to further reduce this
type of background. This variable is defined as the minimal “parent” particle mass compati-
ble with all the transverse momenta and mass-shell constraints, assuming two identical parent
particles, each of mass my, decaying to bW:

MW
T2 = min

 
my consistent with:

(
~pT

1 + ~pT
2 = ~pmiss

T , p2
1 = 0, (p1 + p`)2 = p2

2 = M2
W,

(p1 + p` + pb1)
2 = (p2 + pb2)

2 = m2
y

)!
, (3)
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Figure 4: Distributions of Emiss
T , MT, MW

T2, and min Df(j1,2,~pmiss
T ) in CR1 after applying the

SFs. Two simulated DM signals with mass Mc of 1 and 600 GeV and an interaction scale M⇤
of 100 GeV are included for comparison. The hatched region represents the total uncertainty in
the background prediction. The error bars on the data-to-background ratio take into account
both the statistical uncertainty in data and the total uncertainty in the background prediction.
The last bin of the Emiss

T , MT, and MW
T2 distributions includes the overflow. The horizontal bar

on each data point indicates the width of the bin.
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Figure 4: Distributions of Emiss
T , MT, MW

T2, and min Df(j1,2,~pmiss
T ) in CR1 after applying the

SFs. Two simulated DM signals with mass Mc of 1 and 600 GeV and an interaction scale M⇤
of 100 GeV are included for comparison. The hatched region represents the total uncertainty in
the background prediction. The error bars on the data-to-background ratio take into account
both the statistical uncertainty in data and the total uncertainty in the background prediction.
The last bin of the Emiss

T , MT, and MW
T2 distributions includes the overflow. The horizontal bar

on each data point indicates the width of the bin.
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fice; the Fonds pour la Formation à la Recherche dans l’Industrie et dans l’Agriculture (FRIA-
Belgium); the Agentschap voor Innovatie door Wetenschap en Technologie (IWT-Belgium); the
Ministry of Education, Youth and Sports (MEYS) of the Czech Republic; the Council of Science
and Industrial Research, India; the HOMING PLUS programme of the Foundation for Polish
Science, cofinanced from European Union, Regional Development Fund; the Compagnia di
San Paolo (Torino); the Consorzio per la Fisica (Trieste); MIUR project 20108T4XTM (Italy); the
Thalis and Aristeia programmes cofinanced by EU-ESF and the Greek NSRF; and the National
Priorities Research Program by Qatar National Research Fund.

References
[1] M. Beltran et al., “Maverick dark matter at colliders”, JHEP 09 (2010) 037,

doi:10.1007/JHEP09(2010)037, arXiv:1002.4137.

[2] K. Cheung et al., “The top window for dark matter”, JHEP 10 (2010) 081,
doi:10.1007/JHEP10(2010)081, arXiv:1009.0618.

[3] J. Goodman et al., “Constraints on dark matter from colliders”, Phys. Rev. D 82 (2010)
116010, doi:10.1103/PhysRevD.82.116010, arXiv:1008.1783.

[4] P. J. Fox, R. Harnik, J. Kopp, and Y. Tsai, “Missing Energy Signatures of Dark Matter at
the LHC”, Phys. Rev. D 85 (2012) 056011, doi:10.1103/PhysRevD.85.056011,
arXiv:1109.4398.

[5] P. J. Fox, R. Harnik, R. Primulando, and C.-T. Yu, “Taking a Razor to Dark Matter
Parameter Space at the LHC”, Phys. Rev. D 86 (2012) 015010,
doi:10.1103/PhysRevD.86.015010, arXiv:1203.1662.

The 90% CL upper limits on the DM-
nucleon spin-independent scattering cross 
section as a function of the DM particle 
mass for the scalar operator 

12 9 Summary

 (GeV)χDark matter mass M
1 10 210 310

 (G
eV

)
*

Lo
w

er
 li

m
its

 o
n 

M

0

50

100

150

200

250  (8 TeV)-119.7 fb

CMS

, R=80%πg=4
, R=50%πg=4

, R=80%πg=2
, R=50%πg=2

tm2)π/2
χ

 < (M*
3M

Observed 90% CL
Median expected 90% CL
Expected within 68%
Expected within 95%
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of the validity of the EFT is indicated by the upper edge of the hatched area. The four curves,
corresponding to different g and R values, represent the lower bound on M⇤ for which 50% and
80% of signal events have a pair of DM particles with an invariant mass less than g

p
M3

⇤/mt,
where g = 4p and g = 2p respectively. These curves indicate further restrictions on the
applicability of EFT, as explained in the text.

criteria are found to satisfy this requirement for Mc > 600 GeV. For these reasons, the 90%
CL constraints on M⇤ obtained in this analysis cannot be considered generally applicable, but
should only be interpreted in models with large DM coupling.

The limits on the interaction scale M⇤ can be translated to limits on the DM-nucleon scatter-
ing cross section [3]. Figure 8 shows the observed 90% CL upper limits on the DM-nucleon
cross section as a function of the DM mass for the scalar operator considered in this paper.
More stringent limits are obtained relative to current direct DM searches in the mass region of
less than ⇡6 GeV. In this region, DM-nucleon cross sections larger than 1–2 ⇥ 10�42 cm2 are
excluded.

9 Summary
A search has been presented for the production of dark matter particles in association with top
quarks in single-lepton events with the CMS detector at the LHC, using proton-proton collision
data recorded at

p
s = 8 TeV and corresponding to an integrated luminosity of 19.7 fb�1. No ex-

cess of events above the SM expectation is found and cross section upper limits on this process
are set. Cross sections larger than 20 to 55 fb are excluded at 90% CL for dark matter particles
with the masses ranging from 1 to 1000 GeV. Interpreting the findings in the context of a scalar
interaction between dark matter particles and top quarks in the framework of an effective field
theory, lower limits on the interaction scale are set. Assuming a dark matter particle with a
mass of 100 GeV, values of the interaction scale below 118 GeV are excluded at 90% CL. These
limits on the interaction scale are comparable to those obtained from a similar search by the

Similar analysis from ATLAS à arXiv: 1410.4031 
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1 Introduction
Dark matter (DM) is estimated to account for about 23% of the total mass of the universe, and
is five times more abundant than the known baryonic matter. While the existence of DM is
inferred from astrophysical observations, there is very little information about its nature or
how it interacts with ordinary matter.

In this paper, we consider a simplified scenario [1–3] in which DM has a particle explanation
and, in particular, there is only one new Dirac fermion related to DM within the energy reach
of the LHC. The fermion interacts with quarks via a four-fermion contact interaction, which
can be described by an effective field theory (EFT) Lagrangian:

Lint = Â
q

Â
i

Cq i
�
qGq

i q
��

cGc
i c

�
, (1)

where C represents the coupling constant, which usually depends on the scale of the interac-
tion (M⇤). The operator G describes the type of the interaction, including scalar (G = 1), pseu-
doscalar (G = g5), vector (G = gµ), axial vector (G = gµg5), and tensor interactions (G = sµn).
The exact value of the constant C depends on the particular type of the interaction.

This scenario can lead to the production of DM particles in association with a hard parton, a
photon, or a W or Z boson. The first two production modes are usually referred to as mono-
jets [1, 3–6] and monophotons [4], respectively. Recent monojet results from the ATLAS [7] and
CMS [8] Collaborations have placed lower limits on M⇤ for some typical couplings in Eq. (1).
The ATLAS Collaboration [9] has also searched for DM particles in events with a hadroni-
cally decaying W or Z boson. Assuming a DM particle with a mass of 100 GeV, the excluded
interaction scales are below about 60 GeV [9], 1040 GeV [8], 1010 GeV [8], and 2400 [9] GeV for
scalar, vector, axial-vector, and tensor interactions, respectively, and the excluded scale is below
410 GeV [8] for a scalar interaction between DM particles and gluons.

The exclusion limit for a scalar interaction between DM particles and quarks is the least strin-
gent among all the interaction types that have been probed. In this interaction the coupling
strength is proportional to the mass of the quark:

Lint =
mq

M3
⇤

qqcc. (2)

As a consequence, couplings to light quarks are suppressed. A recent paper [10] suggested
that the sensitivity to the scalar interaction can be improved by searching in final states with
third-generation quarks. It has also been noted that the inclusion of heavy quark loops in the
calculation of monojet production [11] increases the expected sensitivity.

In this paper, we report on a search for the production of DM particles in association with a pair
of top quarks, and consider only the scalar interaction. The ATLAS Collaboration has recently
searched for DM particles in association with heavy quarks [12], placing more stringent limits
on the scalar interaction between DM particles and quarks than the mono-W/Z search [9].
Assuming a DM particle with a mass of 100 GeV, the excluded interaction scale is 120 GeV for
scalar interaction between top quarks and DM particles. Figure 1 shows the dominant diagram
for this production at the LHC. In this paper we focus our search on events with one lepton
(electron or muon) in the final state.
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Summary 

q  Search for physics beyond the Standard Model is one of the main motivations for 
the LHC experiments 

 
q  The CMS and ATLAS Collaborations have very rich new physics programs 
 
q  So far, no significant deviation from the Standard Model observed 
 

à  Stringent limits on almost all SUSY scenarios and Exotic particles 
à  Great progress in addressing “missing holes” as well as new models 
à  There are some indications that Run 2 may show new physics just around the corner! 

q  In June 2015, the LHC will restart at a centre-of-mass energy of 13 TeV - almost double 
that used for Run 1. This will affect the cross-sections of all physics processes, both 
Standard Model and Beyond Standard Model. 

à  The ratio of cross sections 2-2.5 times larger for Higgs processes, 4-5 times larger for ttbar  
à  Stop pair production expects to see a boost of around a factor 10, and gluino production 

even higher ~20-30 times the cross section in Run 1. 
à  BSM signatures Z`, excited quarks etc. are predicted a factor between 10-100 
 

q  New era will greatly improve the discovery potential of many BSM searches, giving a very 
optimistic outlook for the LHC Run 2! 
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Outlook and Prospects for Run II 
q  High expectations from dramatic energy 

and luminosity increase 
 
q  Challenges for the new era (TeV leptons 

boosted objects, higher pile-up etc.) 
 
q  Will need to start with the foundations 

(detector conditions, physics objects)  
à continue the SM precision measurements 
effort, focus on Higgs and the Top quark 

q  Look fast for new physics hints in the obvious 
directions once enough data collected 
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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. �

�

2 2 LHC Physics Landscape (2013)
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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

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

�arXiv:1307.7135 " use ratio of partonic luminosities 

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

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

#  Strategy: take existing searches and figure 
out reach at 14 TeV, for different 
luminosities! �

ありがとうございます 
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SUSY Summary: The CMS Collaboration 
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SUSY Summary: The ATLAS Collaboration 
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MSUGRA/CMSSM 0 2-6 jets Yes 20.3 m(q̃)=m(g̃) 1405.78751.7 TeVq̃, g̃

q̃q̃, q̃→qχ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV, m(1st gen. q̃)=m(2nd gen. q̃) 1405.7875850 GeVq̃

q̃q̃γ, q̃→qχ̃
0
1 (compressed) 1 γ 0-1 jet Yes 20.3 m(q̃)-m(χ̃

0
1 ) = m(c) 1411.1559250 GeVq̃

g̃g̃, g̃→qq̄χ̃
0
1 0 2-6 jets Yes 20.3 m(χ̃

0
1)=0 GeV 1405.78751.33 TeVg̃

g̃g̃, g̃→qqχ̃
±
1→qqW±χ̃

0
1

1 e, µ 3-6 jets Yes 20 m(χ̃
0
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±
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0
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1)=1 GeV 1407.0583,1406.1122210-640 GeVt̃1

t̃1 t̃1, t̃1→cχ̃
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1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

±
1 )+m(χ̃

0
1)) 1402.7029700 GeVχ̃±

1 ,
χ̃0

2

χ̃±
1
χ̃0

2→Wχ̃
0
1Zχ̃

0
1

2-3 e, µ 0-2 jets Yes 20.3 m(χ̃
±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1403.5294, 1402.7029420 GeVχ̃±

1 ,
χ̃0

2

χ̃±1 χ̃
0
2→Wχ̃

0
1h χ̃

0
1, h→bb̄/WW/ττ/γγ e, µ, γ 0-2 b Yes 20.3 m(χ̃

±
1 )=m(χ̃

0
2), m(χ̃

0
1)=0, sleptons decoupled 1501.07110250 GeVχ̃±

1 ,
χ̃0

2

χ̃0
2
χ̃0

3, χ̃
0
2,3 →ℓ̃Rℓ 4 e, µ 0 Yes 20.3 m(χ̃

0
2)=m(χ̃

0
3), m(χ̃

0
1)=0, m(ℓ̃, ν̃)=0.5(m(χ̃

0
2)+m(χ̃

0
1)) 1405.5086620 GeVχ̃0

2,3

Direct χ̃
+

1
χ̃−

1 prod., long-lived χ̃
±
1 Disapp. trk 1 jet Yes 20.3 m(χ̃

±
1 )-m(χ̃

0
1)=160 MeV, τ(χ̃

±
1 )=0.2 ns 1310.3675270 GeVχ̃±

1

Stable, stopped g̃ R-hadron 0 1-5 jets Yes 27.9 m(χ̃
0
1)=100 GeV, 10 µs<τ(g̃)<1000 s 1310.6584832 GeVg̃

Stable g̃ R-hadron trk - - 19.1 1411.67951.27 TeVg̃

GMSB, stable τ̃, χ̃
0
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Mass scale [TeV]10−1 1
√

s = 7 TeV
full data

√
s = 8 TeV

partial data

√
s = 8 TeV

full data

ATLAS SUSY Searches* - 95% CL Lower Limits
Status: Feb 2015

ATLAS Preliminary
√

s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown. All limits quoted are observed minus 1σ theoretical signal cross section uncertainty.
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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.

EXOTICA Summary: The CMS Collaboration 
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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.

EXOTICA Summary: The ATLAS Collaboration 
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ADD GKK + g/q − ≥ 1 j Yes 20.3 n = 2 1502.015185.25 TeVMD

ADD non-resonant ℓℓ 2e,µ − − 20.3 n = 3 HLZ 1407.24104.7 TeVMS

ADD QBH→ ℓq 1 e,µ 1 j − 20.3 n = 6 1311.20065.2 TeVMth

ADD QBH − 2 j − 20.3 n = 6 1407.13765.82 TeVMth

ADD BH high Ntrk 2 µ (SS) − − 20.3 n = 6, MD = 3 TeV, non-rot BH 1308.40754.7 TeVMth

ADD BH high ∑ pT ≥ 1 e, µ ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH 1405.42545.8 TeVMth

ADD BH high multijet − ≥ 2 j − 20.3 n = 6, MD = 3 TeV, non-rot BH Preliminary5.8 TeVMth

RS1 GKK → ℓℓ 2 e,µ − − 20.3 k/MPl = 0.1 1405.41232.68 TeVGKK mass
RS1 GKK → γγ 2 γ − − 20.3 k/MPl = 0.1 Preliminary2.66 TeVGKK mass
Bulk RS GKK → ZZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 k/MPl = 1.0 1409.6190740 GeVGKK mass
Bulk RS GKK →WW → qqℓν 1 e,µ 2 j / 1 J Yes 20.3 k/MPl = 1.0 1503.04677700 GeVW′ mass
Bulk RS GKK → HH → bb̄bb̄ − 4 b − 19.5 k/MPl = 1.0 ATLAS-CONF-2014-005590-710 GeVGKK mass
Bulk RS gKK → tt 1 e,µ ≥ 1 b, ≥ 1J/2j Yes 20.3 BR = 0.925 ATLAS-CONF-2015-0092.2 TeVgKK mass
2UED / RPP 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 Preliminary960 GeVKK mass

SSM Z ′ → ℓℓ 2 e,µ − − 20.3 1405.41232.9 TeVZ′ mass
SSM Z ′ → ττ 2 τ − − 19.5 1502.071772.02 TeVZ′ mass
SSM W ′ → ℓν 1 e,µ − Yes 20.3 1407.74943.24 TeVW′ mass
EGM W ′ →WZ → ℓν ℓ′ℓ′ 3 e,µ − Yes 20.3 1406.44561.52 TeVW′ mass
EGM W ′ →WZ → qqℓℓ 2 e,µ 2 j / 1 J − 20.3 1409.61901.59 TeVW′ mass
HVT W ′ →WH → ℓνbb 1 e,µ 2 b Yes 20.3 gV = 1 Preliminary1.47 TeVW′ mass
LRSM W ′

R → tb 1 e,µ 2 b, 0-1 j Yes 20.3 1410.41031.92 TeVW′ mass
LRSM W ′

R → tb 0 e,µ ≥ 1 b, 1 J − 20.3 1408.08861.76 TeVW′ mass

CI qqqq − 2 j − 17.3 ηLL = −1 Preliminary12.0 TeVΛ

CI qqℓℓ 2 e,µ − − 20.3 ηLL = −1 1407.241021.6 TeVΛ

CI uutt 2 e,µ (SS) ≥ 1 b, ≥ 1 j Yes 20.3 |CLL | = 1 Preliminary4.35 TeVΛ

EFT D5 operator (Dirac) 0 e,µ ≥ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1502.01518974 GeVM∗
EFT D9 operator (Dirac) 0 e,µ 1 J, ≤ 1 j Yes 20.3 at 90% CL for m(χ) < 100 GeV 1309.40172.4 TeVM∗

Scalar LQ 1st gen 2 e ≥ 2 j − 1.0 β = 1 1112.4828660 GeVLQ mass
Scalar LQ 2nd gen 2 µ ≥ 2 j − 1.0 β = 1 1203.3172685 GeVLQ mass
Scalar LQ 3rd gen 1 e, µ, 1 τ 1 b, 1 j − 4.7 β = 1 1303.0526534 GeVLQ mass

VLQ TT → Ht + X ,Wb + X 1 e,µ ≥ 1 b, ≥ 3 j Yes 20.3 isospin singlet ATLAS-CONF-2015-012785 GeVT mass
VLQ TT → Zt + X 2/≥3 e, µ ≥2/≥1 b − 20.3 T in (T,B) doublet 1409.5500735 GeVT mass
VLQ BB → Zb + X 2/≥3 e, µ ≥2/≥1 b − 20.3 B in (B,Y) doublet 1409.5500755 GeVB mass
VLQ BB →Wt + X 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 isospin singlet Preliminary640 GeVB mass
T5/3 →Wt 1 e,µ ≥ 1 b, ≥ 5 j Yes 20.3 Preliminary840 GeVT5/3 mass

Excited quark q∗ → qγ 1 γ 1 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1309.32303.5 TeVq∗ mass
Excited quark q∗ → qg − 2 j − 20.3 only u∗ and d ∗, Λ = m(q∗) 1407.13764.09 TeVq∗ mass
Excited quark b∗ →Wt 1 or 2 e,µ 1 b, 2 j or 1 j Yes 4.7 left-handed coupling 1301.1583870 GeVb∗ mass
Excited lepton ℓ∗ → ℓγ 2 e, µ, 1 γ − − 13.0 Λ = 2.2 TeV 1308.13642.2 TeVℓ∗ mass
Excited lepton ν∗ → ℓW , νZ 3 e, µ, τ − − 20.3 Λ = 1.6 TeV 1411.29211.6 TeVν∗ mass

LSTC aT →W γ 1 e, µ, 1 γ − Yes 20.3 1407.8150960 GeVaT mass
LRSM Majorana ν 2 e,µ 2 j − 2.1 m(WR ) = 2 TeV, no mixing 1203.54201.5 TeVN0 mass
Higgs triplet H±± → ℓℓ 2 e,µ (SS) − − 20.3 DY production, BR(H±±L → ℓℓ)=1 1412.0237551 GeVH±± mass
Higgs triplet H±± → ℓτ 3 e, µ, τ − − 20.3 DY production, BR(H±±L → ℓτ)=1 1411.2921400 GeVH±± mass
Monotop (non-res prod) 1 e,µ 1 b Yes 20.3 anon−res = 0.2 1410.5404657 GeVspin-1 invisible particle mass
Multi-charged particles − − − 20.3 DY production, |q| = 5e Preliminary785 GeVmulti-charged particle mass
Magnetic monopoles − − − 2.0 DY production, |g | = 1gD 1207.6411862 GeVmonopole mass

Mass scale [TeV]10−1 1 10
√
s = 7 TeV

√
s = 8 TeV

ATLAS Exotics Searches* - 95% CL Exclusion
Status: March 2015

ATLAS Preliminary∫
L dt = (1.0 - 20.3) fb−1

√
s = 7, 8 TeV

*Only a selection of the available mass limits on new states or phenomena is shown.
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Search for Supersymmetry at the high luminosity LHC with the ATLAS
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.
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The CMS Detector 
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The ATLAS Detector 
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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.

Other models 

Andy Haas, NYU 38

Other Solutions to the Hierarchy Problem

● Composite Higgs / Little Higgs → Vector-like quarks (T,B)
– Can cancel Higgs mass divergences from top loops

– Color-triplet spin-1/2 fermions

– Left and right handed under SU(2)

● These and other models can
also predict new resonances

● Great way to find BSM!

*Courtesy Andy Haas 
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SUSY: 3rd generation squarks in fully hadronic final states  

arXiv: 1503.0803
CMS Collaboration!
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Figure 3: The top row shows one-dimensional distributions for MT2 (left) and pmiss
T (right)

for the simulated processes of tt and three signal models in the multijet t-tagged search. The
bottom row shows two-dimensional distributions of M3-jet

T versus MR-sys
T for tt (left) and a

signal model with (met, mec0
1
) = (500, 100)GeV (right). Events below the lines are rejected.

The distributions are shown after applying the preselection requirements together with a cut
pmiss

T > 200 GeV, and are normalized to equal area; the axis label “a.u.” means arbitrary units.

tt, W(`n) +jets, and QCD multijet production are estimated using data control regions. The
background from Z(nn) +jets production is estimated using simulated events that are scaled to
match the data in control regions. The SM backgrounds from rare processes, such as ttZ, WZ
and ZZ production with at least one Z ! nn or W ! `n decay, are small and estimated directly
from simulation.

The background from SM events with a th lepton is estimated from a data control sample se-
lected using a trigger requiring a muon with pT > 17 GeV, |h| < 2.1 and at least three jets, each
with pT > 30 GeV. To define the control sample, we require the muon to be isolated (as defined
in Section 3) and to have pµ

T > 20 GeV and |h| < 2.1. To select events with a W ! µn candidate,
the transverse mass MT =

p
2pµ

T pmiss
T (1 � cos Df) is required to be less than 100 GeV, where Df

is the azimuthal angle between the ~pT
µ and the ~pmiss

T directions. Since the µ+jets and th +jets
events arise from the same physics processes, the hadronic component of the two samples is the
same except for the response of the detector to the muon or th lepton. To account for this differ-
ence, the muon in the data control sample is replaced by a simulated th lepton (a “th jet”). The
resulting pj

T is simulated using a pj
T/pth

T response function obtained from MC simulated events.
The th jet in the MC simulated event is reconstructed and matched to the generated t lepton, in
bins of the generated t lepton pT. Corrections are applied to account for the trigger efficiency,
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250 GeV. An additional requirement is pnon-b
T > 250 GeV, where pnon-b

T is the modulus of the
vector sum over the transverse momenta of all jets that are not b-tagged. This requirement
increases the probability of selecting events with hard ISR jets and is expected to be reasonably
efficient for signal processes, as shown for two representative ebeb ! bbec0

1 ec0
1 mass hypotheses

in Fig. 4. In addition, events must satisfy pmiss
T > 250 GeV. To reduce the multijet background,

we require Df(~pji
T,~pmiss

T ) > 0.5 radians, where i = 1, 2, 3. Finally, no requirement is placed on
MCT for the two ISR search regions.
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Figure 4: The distribution of pnon-b
T (see text) for the ISR search regions with Nb jets = 1 (left) and

Nb jets = 2 (right) in the dijet b-tagged analysis. The selection requirement pnon-b
T > 250 GeV is

indicated by the vertical dashed lines.

For purposes of illustration, the background estimates predicted by simulation for the 10 search
regions are listed in Table 3. The contribution from QCD multijet production to the Nb jets = 2
search regions is expected to be negligible, so only the upper limits on this background contri-
bution are quoted.

7.2 Background predictions

As compared to the multijet t-tagged search, due to jet multiplicity and lepton veto require-
ments including an isolated track veto, backgrounds involving top quarks are significantly
reduced. Instead, in all 10 search regions the dominant background is from Z(nn)+jets events,
followed in importance by contributions from W+jets and tt processes. The SM background
due to these processes, as well as the contribution from single-top quark production, are de-
termined using data with assistance from simulation. From studies with simulation and data
control samples, the contribution of QCD multijet events is expected to be negligible. The con-
tribution of diboson and ttZ events in the search regions is less than 3% and is estimated from
simulation assuming a 50% systematic uncertainty.

For nine of the search regions, the eight MCT search regions and the ISR search region with
Nb jets = 2, the Z(nn)+jets background is evaluated using a control sample enriched in W(µn)
+jets events as they have similar kinematic properties. For this control sample, which is selected
using an isolated muon trigger, the muon is required to have pT > 30 GeV and |h| < 2.1 to
ensure a trigger efficiency near unity. To exclude Drell–Yan processes, an event is vetoed if it
contains an additional muon candidate that in combination with the required muon forms a
system having invariant mass within 25 GeV of the mass of the Z boson. To reject muons from
decays-in-flight and from semileptonic decays within heavy-flavour jets, the selected muon
must be separated by DR > 0.3 from all jets. The remaining events are accepted and classified
using the same criteria that define each of the nine search regions, except that a b-tag veto (using
the loose CSV working point) is applied, to minimize the contribution of tt or single top quark
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Figure 4: The distribution of pnon-b
T (see text) for the ISR search regions with Nb jets = 1 (left) and

Nb jets = 2 (right) in the dijet b-tagged analysis. The selection requirement pnon-b
T > 250 GeV is

indicated by the vertical dashed lines.

For purposes of illustration, the background estimates predicted by simulation for the 10 search
regions are listed in Table 3. The contribution from QCD multijet production to the Nb jets = 2
search regions is expected to be negligible, so only the upper limits on this background contri-
bution are quoted.

7.2 Background predictions

As compared to the multijet t-tagged search, due to jet multiplicity and lepton veto require-
ments including an isolated track veto, backgrounds involving top quarks are significantly
reduced. Instead, in all 10 search regions the dominant background is from Z(nn)+jets events,
followed in importance by contributions from W+jets and tt processes. The SM background
due to these processes, as well as the contribution from single-top quark production, are de-
termined using data with assistance from simulation. From studies with simulation and data
control samples, the contribution of QCD multijet events is expected to be negligible. The con-
tribution of diboson and ttZ events in the search regions is less than 3% and is estimated from
simulation assuming a 50% systematic uncertainty.

For nine of the search regions, the eight MCT search regions and the ISR search region with
Nb jets = 2, the Z(nn)+jets background is evaluated using a control sample enriched in W(µn)
+jets events as they have similar kinematic properties. For this control sample, which is selected
using an isolated muon trigger, the muon is required to have pT > 30 GeV and |h| < 2.1 to
ensure a trigger efficiency near unity. To exclude Drell–Yan processes, an event is vetoed if it
contains an additional muon candidate that in combination with the required muon forms a
system having invariant mass within 25 GeV of the mass of the Z boson. To reject muons from
decays-in-flight and from semileptonic decays within heavy-flavour jets, the selected muon
must be separated by DR > 0.3 from all jets. The remaining events are accepted and classified
using the same criteria that define each of the nine search regions, except that a b-tag veto (using
the loose CSV working point) is applied, to minimize the contribution of tt or single top quark
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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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SUSY: 3rd generation squarks in fully hadronic final states  

arXiv: 1503.0803
CMS Collaboration!
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Figure 7: Distributions of (left column) MCT and (right column) pmiss
T in data and MC simulation

for baseline selected events in the dijet b-tagged search, with (top row) Nb jets = 1 and (bottom
row) Nb jets = 2. Also shown (lines) are the corresponding distributions for two representative
signals, (meb, mec0

1
) = (750, 50) and (300, 150)GeV. Statistical uncertainties are shown for the

data.

The CLs method [86, 87] is used to estimate the lower mass exclusion limits at 95% confidence
level (CL) for third-generation squark pair production. Signal samples are produced as dis-
cussed in Section 4, where the modelling of ISR within MADGRAPH has been re-weighted
to account for observed differences between data and simulation [34], and a corresponding
signal uncertainty assigned. Other sources of uncertainty arise from the jet energy scale, the
PDFs [75, 88], and the integrated luminosity [25]. Signal cross sections include re-summation of
soft-gluon emission at next-to-leading-logarithmic accuracy (NLO+NLL) [89–93]. Theoretical
uncertainties are dominated by PDF uncertainties, and calculations are detailed in Ref. [88].

The multijet t-tagged analysis and the dijet b-tagged analysis both define mutually exclusive
search and control regions. Because those two analyses are statistically independent of each
other, they are combined using the CLs method, assuming fully correlated systematic uncer-
tainties as nuisance parameters. On the other hand, when choosing between the results from
the monojet analysis and the dijet b-tagged analysis, the analysis with the best a priori expected
limit is selected for any particular point in the bottom squark versus neutralino mass plane.
There is no overlap between the monojet and multijet t-tagged search regions and hence no
special treatment is required when displaying the results of the two analyses on the same mass
plane.

Figure 9 displays the 95% CL exclusion limits for top squark and LSP ec0
1 masses, for either

the etet ! ttec0
1 ec0

1 or etet ! ccec0
1 ec0

1 simplified models, whichever is kinematically allowed. The

26 10 Interpretation

 [GeV] 
T

µmiss,p
300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

25
 G

eV

-410

-310

-210

-110

1

10

210

310

410

510

610

710
Data

νν→Z
νl→W

tt
t
QCD
DiBoson

-l+l→Z
 (250,240)0

χ∼ c→ t~

 (8 TeV)-119.7 fb
CMS

 [GeV] 
T

µmiss,p
300 400 500 600 700 800 900 1000

M
C

D
at

a 
- M

C

-2
-1
0
1
2

 [GeV]1
j
T

p
300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

25
 G

eV

-410

-310

-210

-110

1

10

210

310

410

510

610

710 Data
νν→Z
νl→W

tt
t
QCD
DiBoson

-l+l→Z
 (250,240)0

χ∼ c→ t~

 (8 TeV)-119.7 fb
CMS

 [GeV]1
j

T
p

300 400 500 600 700 800 900 1000

M
C

D
at

a 
- M

C

-2
-1
0
1
2

Figure 8: Distributions of (left) pmiss,µ
T and (right) leading jet pT in the baseline monojet search

region, pj1
T > 250 GeV, for data and SM backgrounds. Background distributions are taken

from simulation, and normalized to an integrated luminosity of 19.7 fb�1. A representative
signal distribution for et ! cec0

1 is also shown (in the dotted line), where met = 250 GeV and
mec0

1
= 240 GeV. Statistical uncertainties are shown for the data.

black diagonal dashed lines show the various kinematic regimes for top squark decay, from
left to right: met > mec0

1
and met � mec0

1
< mW dominated by etet ! ccec0

1 ec0
1; mW < met � mec0

1
< mt

dominated by etet ! tec0
1bec±

1 ! tbW± ec0
1 ec0

1; and finally met > mt + mec0
1
, dominated by etet !

ttec0
1 ec0

1.

While the multijet t-tagged search is combined with the dijet b-tagged search, the dijet b-tagged
search does not contribute to the case in which the top squark decays to a top quark and the
LSP with 100% branching fraction. This is primarily due to the jet veto requirements of the
dijet b-tagged analysis, together with the high transverse momenta requirements for jets. The
observed 95% CL exclusion limits (solid lines) are shown with the uncertainty bounds due to
the uncertainty on the theoretical signal cross section (thinner, solid lines) ±1sth. The expected
95% CL exclusion limits (dashed lines) are shown with their associated uncertainty (thinner,
dashed lines) ±1sexp. Exclusion lines are shown in red for the combined multijet t-tagged and
dijet b-tagged searches, and in blue for the monojet search. The maximum lower limit on the
top squark mass is expected to be about 620 GeV and is observed to be about 560 GeV, in the
case of a massless LSP. In the region for which met �mec0

1
> mW, the maximum lower limit on the

LSP mass is expected to be just over 150 GeV for a top squark mass of 580 GeV, and is observed
to be about 180 GeV for a top squark mass of 460 GeV. In the case of highly compressed spectra,
when met is close to mec0

1
, the strip below the kinematically allowed diagonal line, met = mec0

1
, and

above the blue solid line is excluded, roughly up to 250 GeV in the top squark and LSP mass.

Figure 10 shows the same results as Fig. 9, except also considering a chargino ec±
1 intermediate

in mass to the top squark and LSP. A 50% branching fraction to the chargino decay channel,
et ! bec±

1 , is assumed; the other 50% of top squarks decay via et ! tec0
1. In this case, both the

dijet b-tagged and the multijet t-tagged analyses contribute to the expected and observed limits.
The sensitivity of the dijet b-tagged analysis to this model derives from the near degeneracy
of the ec±

1 and ec0
1 (mec±

1
� mec0

1
= 5 GeV). The decay products of the chargino result in large

missing transverse momentum together with other particles that are too soft to be reconstructed
as a hard jet. The dijet b-tagged analysis therefore primarily contributes to the moderately
compressed regions, mW < met � mec0

1
< mt, whereas the multijet t-tagged analysis remains

mainly sensitive to the bulk region. For an LSP mass less than about 150 GeV, the lower limit

26 10 Interpretation

 [GeV] 
T

µmiss,p
300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

25
 G

eV

-410

-310

-210

-110

1

10

210

310

410

510

610

710
Data

νν→Z
νl→W

tt
t
QCD
DiBoson

-l+l→Z
 (250,240)0

χ∼ c→ t~

 (8 TeV)-119.7 fb
CMS

 [GeV] 
T

µmiss,p
300 400 500 600 700 800 900 1000

M
C

Da
ta

 - 
M

C

-2
-1
0
1
2

 [GeV]1
j
T

p
300 400 500 600 700 800 900 1000

Ev
en

ts
 / 

25
 G

eV
-410

-310

-210

-110

1

10

210

310

410

510

610

710 Data
νν→Z
νl→W

tt
t
QCD
DiBoson

-l+l→Z
 (250,240)0

χ∼ c→ t~

 (8 TeV)-119.7 fb
CMS

 [GeV]1
j

T
p

300 400 500 600 700 800 900 1000
M

C
Da

ta
 - 

M
C

-2
-1
0
1
2

Figure 8: Distributions of (left) pmiss,µ
T and (right) leading jet pT in the baseline monojet search

region, pj1
T > 250 GeV, for data and SM backgrounds. Background distributions are taken

from simulation, and normalized to an integrated luminosity of 19.7 fb�1. A representative
signal distribution for et ! cec0

1 is also shown (in the dotted line), where met = 250 GeV and
mec0

1
= 240 GeV. Statistical uncertainties are shown for the data.

black diagonal dashed lines show the various kinematic regimes for top squark decay, from
left to right: met > mec0
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While the multijet t-tagged search is combined with the dijet b-tagged search, the dijet b-tagged
search does not contribute to the case in which the top squark decays to a top quark and the
LSP with 100% branching fraction. This is primarily due to the jet veto requirements of the
dijet b-tagged analysis, together with the high transverse momenta requirements for jets. The
observed 95% CL exclusion limits (solid lines) are shown with the uncertainty bounds due to
the uncertainty on the theoretical signal cross section (thinner, solid lines) ±1sth. The expected
95% CL exclusion limits (dashed lines) are shown with their associated uncertainty (thinner,
dashed lines) ±1sexp. Exclusion lines are shown in red for the combined multijet t-tagged and
dijet b-tagged searches, and in blue for the monojet search. The maximum lower limit on the
top squark mass is expected to be about 620 GeV and is observed to be about 560 GeV, in the
case of a massless LSP. In the region for which met �mec0

1
> mW, the maximum lower limit on the

LSP mass is expected to be just over 150 GeV for a top squark mass of 580 GeV, and is observed
to be about 180 GeV for a top squark mass of 460 GeV. In the case of highly compressed spectra,
when met is close to mec0

1
, the strip below the kinematically allowed diagonal line, met = mec0

1
, and

above the blue solid line is excluded, roughly up to 250 GeV in the top squark and LSP mass.

Figure 10 shows the same results as Fig. 9, except also considering a chargino ec±
1 intermediate

in mass to the top squark and LSP. A 50% branching fraction to the chargino decay channel,
et ! bec±

1 , is assumed; the other 50% of top squarks decay via et ! tec0
1. In this case, both the

dijet b-tagged and the multijet t-tagged analyses contribute to the expected and observed limits.
The sensitivity of the dijet b-tagged analysis to this model derives from the near degeneracy
of the ec±

1 and ec0
1 (mec±

1
� mec0

1
= 5 GeV). The decay products of the chargino result in large

missing transverse momentum together with other particles that are too soft to be reconstructed
as a hard jet. The dijet b-tagged analysis therefore primarily contributes to the moderately
compressed regions, mW < met � mec0

1
< mt, whereas the multijet t-tagged analysis remains

mainly sensitive to the bulk region. For an LSP mass less than about 150 GeV, the lower limit
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are shown for an integrated luminosity of 300 and 3000 fb�1.
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Figure 11: Various observed 95% CL mass exclusion limit curves for top-squark pair produc-
tion, assuming different branching fractions of the two top squark decayset ! tec0

1 andet ! bec±
1 .

The mass difference between the ec±
1 and ec0

1 is taken to be 5 GeV. A branching fraction (B) of
1.0 implies all decays are via et ! tec0

1, repeating the observed multijet t-tagged limit shown in
Fig. 9, and conversely, B = 0.0 implies all decays proceed through et ! bec±

1 . The combined
results from the dijet b-tagged and multijet t-tagged searches and the result from the mono-
jet search are displayed separately. The dashed black diagonal lines mark the borders of the
various kinematic regimes leading to different top squark decays as described in the text.

mec0
1
(meb � mec0

1
) < 10 GeV, and analogously for met(meb)  120 GeV and met � mec0

1
(meb � mec0

1
) <

80 GeV.
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Table 5: Predicted background yields from simulation for the monojet analysis. The results are
scaled to an integrated luminosity of 19.7 fb�1. The uncertainties are statistical. The results for
theetet ! ccec0

1 ec0
1 signal events are labelled as (met, mec0

1
), in GeV.

pj1
T (GeV) >250 >300 >350 >400 >450 >500 >550

Z(nn)+jets 22600±56 11100±37 5230±24 2620±17 1340±12 727±8.7 406±6.5
W(`n)+jets 13600±70 6870±50 3180±34 1500±23 751±17 376±12 204±8.7
WW,WZ,ZZ 819±27 546±18 332±12 181.0±6.5 92.0±3.4 61.0±2.3 34.0±1.2
tt 639.0±5.7 369.0±4.3 206.0±3.2 113.0±2.4 64.0±1.8 36.0±1.3 21.0±1.0
Multijets 602±19 344±15 178±10 91.0±7.3 48.0±5.2 27.0±4.0 18.0±3.5
Single top quark 172.0±7.6 97.0±5.7 49.0±4.1 21.0±2.7 11.0±2.2 5.2±1.4 3.2±1.2
Z(`+`�)+jets 127.0±6.1 75.0±4.7 40.0±3.5 25.0±2.8 17.0±2.4 11.0±2.0 7.4±1.6
Total 38600±96 19400±67 9220±45 4550±31 2320±22 1240±16 693±12
Signal (200, 120) 1130±22 663±17 352±12 193.0±9.2 111.0±7.0 62.9±5.1 35.5±3.9
Signal (250, 240) 1640±15 1070±12 657.0±9.6 403.0±7.5 256.0±6.0 156.0±4.6 98.0±3.7

mimic neutrinos at both the trigger level and in analysis variables allows the use of the same
trigger, not possible in the multijet t-tagged or dijet b-tagged analyses, and reduces systematic
uncertainties. The Z(µµ)+jets enriched control sample is selected by applying the full signal
selection, except for the muon veto, instead demanding two oppositely charged muons with
pT > 20 GeV and |h| < 2.4. At least one of the muons must be isolated, and the dimuon re-
constructed invariant mass must lie within a window of 60–120 GeV, to be consistent with the
Z boson mass. The number of observed dimuon events in the data control sample (Nobs) is
corrected for non-Z(µµ) processes (Nbgd), estimated using simulation. The event yield is cor-
rected for the acceptance (A) and efficiency (e) of the muon selection criteria, taken from Z(µµ)
simulation and corrected for differences in muon identification between data and simulation.
The number of Z(nn)+jets events is estimated using:

N(Z(nn)+jets) =
Nobs � Nbgd

Ae
R, (4)

where R is the ratio of branching fractions of Z ! nn to Z ! µ+µ� decays [66], corrected for
the contributions of virtual photon exchange in the Z +jets sample and for the Z mass window

Monojet channel for charm pT 
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Figure 6: The pmiss
T (left), MT2 (centre), and 0.5M3-jet

T + MR-sys
T (right) distributions from data

(black dots), and predicted backgrounds (solid filled areas) in the multijet t-tagged search,
where the total (statistical and systematic) uncertainty in the background prediction is shown
by the hatched band. The distributions of two representative signals (met, mec0

1
) = (500, 100)

and (650, 50)GeV are overlaid (dashed and dotted lines respectively). The leftmost bin of each
distribution contains the overflow.

Distributions of some representative variables sensitive to signals in the dijet b-tagged search
are shown in Fig. 7, after the baseline selection criteria (Section 7.1) have been applied. The
top (bottom) row shows results requiring Nb jets = 1 (Nb jets = 2). The left-hand plots show the
MCT distributions, and the right hand plots the pmiss

T distributions. The distributions of two
representative signals for ebeb ! bbec0

1 ec0
1, scaled to an integrated luminosity of 19.4 fb�1, are

superimposed for comparison. While the total background prediction in Table 7 is obtained
using the methods outlined in Section 7.2, the background distributions in Fig. 7 are taken
from simulation and normalized to an integrated luminosity of 19.4 fb�1.

Figure 8 shows the discriminating distributions in the monojet search, after the baseline selec-
tion criteria described in Section 8.1 have been applied. The left plot shows the pmiss,µ

T distribu-
tion and the right plot the transverse momentum of the leading jet. Analogously to Fig. 7, the
background distributions are taken directly from simulation and normalized to an integrated
luminosity of 19.7 fb�1.

These three searches are individually designed to optimize the sensitivity to new physics for
various signal topologies and third-generation sparticle mass hypotheses. In Fig. 6, the data
are observed to agree with the SM background predictions, and in Figs. 7 and 8, with the SM
background simulations, both with respect to overall normalization and shape.

10 Interpretation

No significant deviations from the standard model predictions are observed. Results are inter-
preted as limits on SMS [26] involving the pair production of top and bottom squarks. Alterna-
tive decays of the top squark are studied, eitheret ! tec0

1 oret ! cec0
1, for a variety of top squark

and LSP masses. We also study the case when there is an intermediate chargino state between
the top squark and the LSP,et ! bec±

1 ! bW± ec0
1, where the LSP is assumed to be higgsino-like

and nearly degenerate in mass with the lightest chargino: mec±
1
� mec0

1
= 5 GeV. For this case,

we investigate different branching fractions B(et ! tec0
1) = 1 � B(et ! bec±

1 ) for the decay of
the top squark. Finally, we study the decay of the bottom squark via the channel eb ! bec0

1 for
different bottom squark and LSP masses.



Altan CAKIR | Flavor Physics and CP Violation Conference |  Nagoya, Japan  |  Page 36 

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.

SUSY: Same-flavour opp.-sign dilepton pair, jets, and MET 

arXiv: 1503.03290
ATLAS Collaboration!

 [GeV]TH
600 800 1000 1200 1400

E
ve

n
ts

 /
 1

0
0

 G
e

V

2

4

6

8

10

12

14

16

18

ATLAS

-1 = 8 TeV, 20.3 fbs

SR-Z ee

Data

Standard Model

Flavour Symmetric

Other Backgrounds

=(700,200)GeVµ),g~m(

=(900,600)GeVµ),g~m(

 [GeV]TH
600 800 1000 1200 1400

E
ve

n
ts

 /
 1

0
0

 G
e

V

2

4

6

8

10

12

14
ATLAS

-1 = 8 TeV, 20.3 fbs

µµSR-Z 

Data

Standard Model

Flavour Symmetric

Other Backgrounds

=(700,200)GeVµ),g~m(

=(900,600)GeVµ),g~m(

Jet Multiplicity
2 3 4 5 6 7 8 9

E
ve

n
ts

2

4

6

8

10

12 ATLAS

-1 = 8 TeV, 20.3 fbs

SR-Z ee

Data

Standard Model

Flavour Symmetric

Other Backgrounds

=(700,200)GeVµ),g~m(

=(900,600)GeVµ),g~m(

Jet Multiplicity
2 3 4 5 6 7 8 9

E
ve

n
ts

2

4

6

8

10

12

14
ATLAS

-1 = 8 TeV, 20.3 fbs

µµSR-Z 

Data

Standard Model

Flavour Symmetric

Other Backgrounds

=(700,200)GeVµ),g~m(

=(900,600)GeVµ),g~m(

Figure 7: The HT (top) and jet multiplicity (bottom) distributions for the electron (left) and muon (right) channel
in the on-Z SRs after having applied the requirement ��(jet1,2, Emiss

T ) > 0.4. All uncertainties are included in the
hatched uncertainty band. Two example GGM (tan � = 1.5) signal models are overlaid. For the HT distributions,
the last bin contains the overflow. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”. The negligible contribution from Z+jets is omitted from these
distributions.
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Figure 8: The distribution of the �� between the leading jet and Emiss
T (top) and the sub-leading jet and Emiss

T
(bottom) for the electron (left) and muon (right) channel in the on-Z SRs before having applied the require-
ment ��(jet1,2, Emiss

T ) > 0.4. All uncertainties are included in the hatched uncertainty band. Two example GGM
(tan � = 1.5) signal models are overlaid. The backgrounds due to WZ, ZZ or rare top processes, as well as from fake
leptons, are included under “Other Backgrounds”.
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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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Figure 9: The observed and expected dilepton mass distributions in the o↵-Z SR-loose (top), SR-2j-bveto (middle),
and SR-4j-bveto (bottom). The vertical dashed lines indicate the 80 < m`` < 110 GeV region, which is used to
normalise the Z + jets background and is thus not treated as a search region. Example signal models (dashed lines)
are overlaid, with m(q̃)/m(g̃), m(�̃0

2)/m(�̃±1 ), m( ˜̀)/m(⌫̃), and m(�̃0
1) of each benchmark point being indicated in the

figure legend. The last bin contains the overflow. All uncertainties are included in the hatched uncertainty band.
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Figure 10: The observed and expected dilepton mass distributions in the SR-2j-btag (top) and SR-4j-btag (bottom)
signal regions of the o↵-Z search. The vertical dashed lines indicate the 80 < m`` < 110 GeV region, which is
used to normalise the Z + jets background and is thus not treated as a search region. Example signal models of
squark- or gluino-pair production (dashed lines) are overlaid, with m(g̃), m(�̃0

2)/m(�̃±1 ), m( ˜̀)/m(⌫̃), and m(�̃0
1) of

each benchmark point being indicated in the figure legend. The last bin contains the overflow. All uncertainties are
included in the hatched uncertainty band.
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The on-Z and o↵-Z searches are optimised for di↵erent signal models and as such are defined with ortho-
gonal SRs. Given the di↵erent signatures probed, there are cases where the CR of one search may overlap
with the SR of the other. Data events that fall in the o↵-Z SRs can comprise up to 60 % of the top CR
for the on-Z analysis (CRT, defined in Table 2). Data events in SR-Z comprise up to 36 % of the events
in the CRs with 80 < m`` < 110 GeV that are used to normalise the Z + jets background in the o↵-Z
analysis, but the potential impact on the background prediction is small because the Z + jets contribution
is a small fraction of the total background. For the following analysis, each search assumes only signal
contamination from the signal models they are themselves probing.

On-Z Emiss
T

HT njets m`` SF/DF Emiss
T

sig. fST ��(jet12, Emiss
T

)
Region [GeV] [GeV] [GeV] [

p
GeV]

Signal regions

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

Control regions

Seed region - > 600 � 2 81 < m`` < 101 SF < 0.9 < 0.6 -
CReµ > 225 > 600 � 2 81 < m`` < 101 DF - - > 0.4
CRT > 225 > 600 � 2 m`` < [81, 101] SF - - > 0.4

Validation regions

VRZ < 150 > 600 � 2 81 < m`` < 101 SF - - -
VRT 150–225 > 500 � 2 m`` < [81, 101] SF - - > 0.4
VRTZ 150–225 > 500 � 2 81 < m`` < 101 SF - - > 0.4

Table 2: Overview of all signal, control and validation regions used in the on-Z search. More details are given in the
text. The Emiss

T significance and the soft-term fraction fST needed in the seed regions for the jet smearing method
are defined in Sect. 6.1. The flavour combination of the dilepton pair is denoted as either “SF” for same-flavour or
“DF” for di↵erent flavour.

6. Background estimation

The dominant background processes in the signal regions, and those that are expected to be most di�cult
to model using MC simulation, are estimated using data-driven techniques. With SRs defined at large
Emiss

T , any contribution from Z/�⇤ + jets will be a consequence of artificially high Emiss
T in the event due

to, for example, jet mismeasurements. This background must be carefully estimated, particularly in the
on-Z search, since the peaking Z/�⇤ + jets background can mimic the signal. This background is expected
to constitute, in general, less than 10 % of the total background in the o↵-Z SRs and have a negligible
contribution to SR-Z.

In both the o↵-Z and on-Z signal regions, the dominant backgrounds come from so-called “flavour-sym-
metric” processes, where the dileptonic branching fractions to ee, µµ and eµ have a 1:1:2 ratio such that
the same-flavour contributions can be estimated using information from the di↵erent-flavour contribu-

9

O↵-Z Emiss
T

njets nb-jets m`` SF/DF
Region [GeV] [GeV]

Signal regions

SR-2j-bveto > 200 � 2 = 0 m`` < [80, 110] SF
SR-2j-btag > 200 � 2 � 1 m`` < [80, 110] SF
SR-4j-bveto > 200 � 4 = 0 m`` < [80, 110] SF
SR-4j-btag > 200 � 4 � 1 m`` < [80, 110] SF
SR-loose > (150, 100) (2,� 3) - m`` < [80, 110] SF

Control regions

CRZ-2j-bveto > 200 � 2 = 0 80 < m`` < 110 SF
CRZ-2j-btag > 200 � 2 � 1 80 < m`` < 110 SF
CRZ-4j-bveto > 200 � 4 = 0 80 < m`` < 110 SF
CRZ-4j-btag > 200 � 4 � 1 80 < m`` < 110 SF
CRZ-loose > (150, 100) (2,� 3) - 80 < m`` < 110 SF

CRT-2j-bveto > 200 � 2 = 0 m`` < [80, 110] DF
CRT-2j-btag > 200 � 2 � 1 m`` < [80, 110] DF
CRT-4j-bveto > 200 � 4 = 0 m`` < [80, 110] DF
CRT-4j-btag > 200 � 4 � 1 m`` < [80, 110] DF
CRT-loose > (150, 100) (2,� 3) - m`` < [80, 110] DF

Validation regions

VR-o↵Z 100-150 = 2 - m`` < [80, 110] SF

Table 3: Overview of all signal, control and validation regions used in the o↵-Z analysis. For SR-loose, events with
two jets (at least three jets) are required to satisfy Emiss

T > 150 (100) GeV. Further details are the same as in Table 2.
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Figure 13: Excluded region in the (top) squark–LSP mass plane using the SR-2j-bveto results and (bottom) gluino–
LSP mass plane using the SR-4j-bveto results. The observed, expected, and ±1� expected exclusion contours are
indicated. The observed limits obtained upon varying the signal cross section by ±1� are also indicated. The region
to the left of the diagonal dashed line has the squark mass less than the LSP mass and is hence not considered. Three
signal benchmark points are shown, with their SUSY particle masses indicated in parentheses.
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Figure 12: The 95 % CL exclusion limit from the on-Z combined same-flavour channels in the µ versus m(g̃) plane
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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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EXO: Third-generation scalar leptoquarks in the tτ channel  

5.3 Systematic uncertainties 11

scale factors for the jet energy scale [27] are similarly varied by one standard deviation to obtain
the corresponding uncertainties in simulated samples. This corresponds to a 1–3% variation of
the scale factors.

The energy scale and resolution uncertainties in t lepton, muon, electron, and jet candidates
are also propagated in the calculation of Emiss

T and ST.

The uncertainty in the pileup re-weighting of simulated samples is estimated by varying the
total inelastic cross section [56] by 5%. Signal samples are produced with the CTEQ6L1 parton
distribution function (PDF) set [57] and the associated PDF uncertainties in the signal accep-
tance are estimated using the PDF uncertainty prescription for LHC [58–60]. In category B,
the PDF uncertainties are also calculated for the background processes estimated using simu-
lations.

Additional uncertainties in major SM processes estimated from simulations are considered in
category B. Uncertainties in the factorization and normalization scales, µr and µf, respectively,
on tt+jets and W+jets events are calculated by changing the corresponding scales by a factor
of 2 or 0.5. The effect of an uncertainty in the jet-parton matching threshold in the simulation
of W+jets processes is evaluated by varying it within a factor of 2. The uncertainty in the top
quark pT re-weighting procedure is estimated by doubling and removing the correction factors.

Table 2 shows a summary of the systematic uncertainties for categories A and B.

Table 2: Systematic uncertainty sources and their effects on background (B) and signal (S) es-
timates. Uncertainties affecting the signal yields in both categories and the background yields
in category A are calculated using the selection criteria for the MLQ3 = 550 GeV hypothesis.
In category A, the uncertainties are reported for central/forward channels separately, where
appropriate. In category B, all uncertainties are averaged over the four pt

T search bins. All
values are symmetric except for the PDF uncertainty in the signal acceptance in category A
and the tt factorization and normalization scale uncertainty in category B. Uncertainties in the
background estimates are scaled according to their relative contributions to the total expected
background.

Category A Category B
µth ch. eth ch.

Systematic uncertainty Magnitude (%) B (%) S (%) B (%) S (%) B (%) S (%)
Integrated luminosity 2.6 0.4/1.2 2.6 2.6 2.6 2.6 2.6
Electron reco/ID/iso & trigger pT, h dependent — — — — 1.4 2.2
Muon reco/ID/iso & trigger 1.1 0.1/0.5 1.1 0.9 0.9 — —
t lepton reco/ID/iso 6.0 0.8/2.8 6.0 1.5 3.0 0.6 3.1
Muon momentum scale & resolution pT dependent 0.1/0.3 0.4 — — — —
t lepton energy scale 3.0 1.2/4.1 2.0 2.3 2.7 0.6 1.5
t lepton energy resolution 10.0 0.2/0.8 0.9 1.2 1.3 0.2 0.1
Jet energy scale pT, h dependent 0.9/3.2 1.9 4.2 1.9 5.6 2.7
Jet energy resolution h dependent 0.4/1.2 1.0 0.8 0.3 1.6 0.8
Pileup 5.0 0.1/1.2 1.0/2.5 0.8 0.3 0.9 0.5
PDF (on acceptance) — — +2.9

�4.3
�+2.4
�6.2 — 0.7 — 0.9

PDF (on background) — — — 8.7 — 8.3 —
Matrix method — 23.1/15.3 — — — — —
Jet ! t misidentification rate pT dependent — — 8.2 1.0 10.9 0.8
e ! t misidentification rate h dependent — — 0.1 0.1 0.1 0.1
tt factorization/renormalization +100

�50 — — +6.1
�5.9 — +2.9

�2.7 —
Top quark pT re-weighting pT dependent — — 0.1 — 0.1 —
W+jets factorization/renormalization +100

�50 — — 4.3 — 0.3 —
W+jets matching threshold +100

�50 — — 1.3 — 2.5 —

17
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Figure 5: The leading t lepton pT, ST, and jet multiplicity distributions in the signal region
of category B for µth (left column) and eth (right column) channels. The rightmost bin of
each distribution includes overflow and no statistically significant excess is observed in the
suppressed bins. Shaded regions in the histograms represent the total statistical and systematic
uncertainty in the background expectation. The Z-score distribution is provided at the bottom
of each plot. The four regions of the t lepton pT correspond to the four search regions.

16 6 Results

300 400 500 600 700 800 900 1000 1100 1200

Ev
en

ts
 p

er
 1

00
 G

eV

-110

1

10

210

310

410
Data

τ or µMisidentified 
Prompt-prompt (MC)
LQ (M = 400 GeV)

 (8 TeV)-119.5 fb
CMS

Category A: central

 [GeV]TS
300 400 500 600 700 800 900 100011001200

Z-
sc

or
e

-4
-2
0
2
4 300 400 500 600 700 800 900 1000 1100

Ev
en

ts
 p

er
 1

00
 G

eV

-110

1

10

210

310

410 Data
τ or µMisidentified 

Prompt-prompt (MC)
LQ (M = 400 GeV)

 (8 TeV)-119.5 fb
CMS

Category A: forward

 [GeV]TS
300 400 500 600 700 800 900 1000 1100

Z-
sc

or
e

-4
-2
0
2
4

0 20 40 60 80 100 120 140 160 180 200 220

Ev
en

ts
 p

er
 2

5 
G

eV

-110

1

10

210

310

410
Data

τ or µMisidentified 
Prompt-prompt (MC)
LQ (M = 400 GeV)

 (8 TeV)-119.5 fb
CMS

Category A: central

 [GeV]τ

T
p

0 20 40 60 80 100 120 140 160 180 200 220

Z-
sc

or
e

-4
-2
0
2
4 0 20 40 60 80 100 120 140 160 180 200

Ev
en

ts
 p

er
 2

5 
G

eV

-110

1

10

210

310

410
Data

τ or µMisidentified 
Prompt-prompt (MC)
LQ (M = 400 GeV)

 (8 TeV)-119.5 fb
CMS

Category A: forward

 [GeV]τ

T
p

0 20 40 60 80 100 120 140 160 180 200

Z-
sc

or
e

-4
-2
0
2
4

1 2 3 4 5 6 7

Ev
en

ts
 p

er
 b

in

-110

1

10

210

310

410

510 Data
τ or µMisidentified 

Prompt-prompt (MC)
LQ (M = 400 GeV)

 (8 TeV)-119.5 fb
CMS

Category A: central

Number of jets
1 2 3 4 5 6 7

Z-
sc

or
e

-4
-2
0
2
4 1 2 3 4 5 6 7

Ev
en

ts
 p

er
 b

in

-110

1

10

210

310

410

510 Data
τ or µMisidentified 

Prompt-prompt (MC)
LQ (M = 400 GeV)

 (8 TeV)-119.5 fb
CMS

Category A: forward

Number of jets
1 2 3 4 5 6 7

Z-
sc

or
e

-4
-2
0
2
4

Figure 4: The ST, t lepton pT, and jet multiplicity distributions in the signal region of category
A for central (left column) and forward (right column) channels, using the optimized selection
for MLQ3 = 200 GeV (all other optimized selection criteria yield events that are a subset of
this selection). The rightmost bin of each distribution includes overflow and no statistically
significant excess is observed in the suppressed bins. The systematic uncertainty for each bin of
these distributions is determined independently. Shaded regions in the histograms represent
the total statistical and systematic uncertainty in the background expectation. The Z-score
distribution is provided at the bottom of each plot.
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Figure 4: The ST, t lepton pT, and jet multiplicity distributions in the signal region of category
A for central (left column) and forward (right column) channels, using the optimized selection
for MLQ3 = 200 GeV (all other optimized selection criteria yield events that are a subset of
this selection). The rightmost bin of each distribution includes overflow and no statistically
significant excess is observed in the suppressed bins. The systematic uncertainty for each bin of
these distributions is determined independently. Shaded regions in the histograms represent
the total statistical and systematic uncertainty in the background expectation. The Z-score
distribution is provided at the bottom of each plot.
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Figure 5: The leading t lepton pT, ST, and jet multiplicity distributions in the signal region
of category B for µth (left column) and eth (right column) channels. The rightmost bin of
each distribution includes overflow and no statistically significant excess is observed in the
suppressed bins. Shaded regions in the histograms represent the total statistical and systematic
uncertainty in the background expectation. The Z-score distribution is provided at the bottom
of each plot. The four regions of the t lepton pT correspond to the four search regions.
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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.

EXO: Third-generation scalar leptoquarks in the tτ channel  

14 6 Results

Table 4: Category B search results for the four pt
T search regions of the µth channel. All expected

values for background and signal processes (LQ3 masses indicated in parentheses) are reported
with the corresponding statistical and systematic uncertainties. The expected signal efficiency
eLQ3 at a given LQ3 mass is determined with respect to the total number of expected LQ3 signal
events at

p
s = 8 TeV with a µth pair of any charge combination, and eLQ3 is reported separately

for opposite-sign (OS) and same-sign (SS) µth events.

Process pt
T < 60 GeV 60 < pt

T < 120 GeV 120 < pt
T < 200 GeV pt

T > 200 GeV
eLQ3 (%)

OS SS

LQ3 (200 GeV) 21 ± 12+7
�2 0.0 ± 0.1 ± 0.0 0.0 ± 0.1 ± 0.1 0.0 ± 0.1 ± 0.1 0.01 0

LQ3 (250 GeV) 31.0 ± 8.2+6.6
�3.4 13.1 ± 5.5+1.1

�2.9 0.0 ± 0.1 ± 0.1 0.0 ± 0.1 ± 0.1 0.09 0.02
LQ3 (300 GeV) 33.1 ± 5.3+2.8

�3.8 24.6 ± 4.6+2.8
�2.1 7.6 ± 2.6+1.1

�1.7 3.9 ± 1.8+0.9
�0.3 0.35 0.08

LQ3 (350 GeV) 18.1 ± 2.6+1.8
�1.4 13.3 ± 2.2+1.0

�1.1 7.2 ± 1.6+0.8
�0.7 2.9 ± 0.9+0.5

�1.4 0.57 0.08
LQ3 (400 GeV) 13.9 ± 1.4+1.1

�2.6 13.4 ± 1.4+1.0
�1.1 7.8 ± 1.1+0.8

�0.6 4.1 ± 0.8+0.6
�0.8 1.30 0.12

LQ3 (450 GeV) 10.1 ± 0.9+0.8
�1.9 8.6 ± 0.8+0.8

�0.8 7.1 ± 0.7+0.5
�0.6 5.8 ± 0.6+0.7

�0.6 2.05 0.27
LQ3 (500 GeV) 5.2 ± 0.4+0.5

�0.9 6.0 ± 0.5 ± 0.5 5.3 ± 0.4+0.4
�0.5 4.4 ± 0.4+0.7

�0.5 2.75 0.27
LQ3 (550 GeV) 3.2 ± 0.3+0.3

�0.6 4.4 ± 0.3+0.4
�0.3 4.3 ± 0.3+0.5

�0.4 4.0 ± 0.3 ± 0.4 4.04 0.36
LQ3 (600 GeV) 2.0 ± 0.1+0.2

�0.5 2.7 ± 0.2 ± 0.2 2.7 ± 0.2 ± 0.2 3.5 ± 0.2 ± 0.4 5.11 0.43
LQ3 (650 GeV) 1.3 ± 0.1+0.1

�0.3 1.8 ± 0.1+0.1
�0.2 2.0 ± 0.1 ± 0.2 2.5 ± 0.1+0.3

�0.2 6.07 0.67
LQ3 (700 GeV) 0.7 ± 0.1 ± 0.1 1.1 ± 0.1 ± 0.1 1.1 ± 0.1 ± 0.1 1.6 ± 0.1+0.2

�0.1 6.66 0.57
LQ3 (750 GeV) 0.4 ± 0.1 ± 0.1 0.5 ± 0.1 ± 0.1 0.7 ± 0.1 ± 0.1 1.1 ± 0.1 ± 0.1 6.71 0.59
LQ3 (800 GeV) 0.2 ± 0.1 ± 0.1 0.4 ± 0.1 ± 0.1 0.5 ± 0.1 ± 0.1 0.8 ± 0.1 ± 0.1 7.77 0.61

tt+jets 29.9 ± 2.9+7.3
�7.2 8.8 ± 1.3+3.2

�3.4 1.7 ± 0.6+0.6
�0.6 0.4 ± 0.3+0.9

�0.4

W+jets 7.4 ± 1.7+5.1
�5.1 0.6 ± 0.5 ± 0.6 0.0 ± 0.1 ± 0.1 0.4 ± 0.4 ± 0.4

DY+jets 4.8 ± 0.7 ± 2.5 1.8 ± 0.4+1.1
�0.9 0.5 ± 0.2 ± 0.3 0.4 ± 0.2 ± 0.2

Other backgrounds 3.1 ± 0.9+1.8
�1.9 0.2 ± 0.1+0.8

�0.3 0.2 ± 0.1 ± 0.4 0.1 ± 0.1+0.1
�0.2

Total NExp
Bkg 45.2 ± 3.5+9.4

�9.3 11.5 ± 1.4+3.4
�3.6 2.5 ± 0.6 ± 0.8 1.2 ± 0.5+1.0

�0.6

NObs 44 15 1 0
Z-score �0.1 +0.7 +0.8 �1.0

13

Table 3: Category A search results in the signal region for several LQ3 mass hypotheses. The
t lepton pT and ST columns represent the optimized thresholds defined in Section 4.1. The
corresponding expected number of prompt-prompt and total background events, as well as
the observed number of data events are listed as NPP

Bkg, total NExp
Bkg , and NObs. The statistical

and systematic uncertainties quoted in the expected number of background events are com-
binations of misidentified lepton and prompt-prompt components. The eLQ3 is the expected
signal efficiency at a given LQ3 mass with respect to the total number of expected LQ3 signal
events at

p
s = 8 TeV with a µth pair of any charge combination. No expected signal efficiency

for MLQ3 = 200 GeV is reported in the forward channel since the associated yield in the signal
sample was measured to be zero.

MLQ3 pt
T ST NPP

Bkg Total NExp
Bkg NObs Z-score NExp

LQ3
eLQ3

(GeV) (GeV) (GeV) ± (stat) ± (stat) ± (syst) ± (stat) (%)
Central channel: f|h| < 0.9

200 35 410 8.5 ± 1.0 128 ± 5 ± 25 105 �1.0 53 ± 21 0.04
250 35 410 8.5 ± 1.0 128 ± 5 ± 25 105 �1.0 252 ± 24 0.58
300 50 470 4.2 ± 0.5 39.9 ± 2.9 ± 8.3 27 �1.5 153 ± 11 0.98
350 50 490 4.0 ± 0.5 34.6 ± 2.7 ± 7.1 25 �1.2 92.4 ± 5.6 1.45
400 65 680 0.9 ± 0.2 7.2 ± 1.2 ± 1.7 4 �1.0 28.4 ± 2.1 1.00
450 65 700 0.8 ± 0.2 6.3 ± 1.1 ± 1.6 4 �0.8 17.3 ± 1.1 1.27
500 65 770 0.5 ± 0.2 3.2 ± 0.8 ± 0.8 4 +0.5 9.8 ± 0.6 1.43
550 65 800 0.4 ± 0.1 2.7 ± 0.8 ± 0.6 4 +0.7 6.1 ± 0.3 1.71
600 65 850 0.2 ± 0.1 1.8 ± 0.6 ± 0.4 3 +0.9 3.6 ± 0.2 1.85
650 65 850 0.2 ± 0.1 1.8 ± 0.6 ± 0.4 3 +0.9 2.2 ± 0.1 1.99
700 85 850 0.1 ± 0.1 1.1 ± 0.5 ± 0.3 2 +0.8 1.3 ± 0.1 2.02
750 85 850 0.1 ± 0.1 1.1 ± 0.5 ± 0.3 2 +0.8 0.8 ± 0.1 2.20
800 85 850 0.1 ± 0.1 1.1 ± 0.5 ± 0.3 2 +0.8 0.5 ± 0.1 2.80

Forward channel: f|h| � 0.9
200 35 410 4.2 ± 0.5 72 ± 4 ± 15 87 +1.1 — —
250 35 410 4.2 ± 0.5 72 ± 4 ± 15 87 +1.1 50 ± 11 0.11
300 50 470 1.8 ± 0.3 20.3 ± 2.2 ± 3.9 23 +0.5 33.4 ± 5.2 0.21
350 50 490 1.7 ± 0.3 18.2 ± 2.0 ± 3.5 19 +0.2 18.5 ± 2.5 0.29
400 65 680 0.7 ± 0.2 2.7 ± 0.7 ± 0.6 1 �0.9 6.1 ± 1.0 0.21
450 65 700 0.7 ± 0.2 2.3 ± 0.6 ± 0.4 1 �0.7 3.8 ± 0.5 0.28
500 65 770 0.5 ± 0.1 1.2 ± 0.4 ± 0.2 1 0.0 1.6 ± 0.2 0.24
550 65 800 0.4 ± 0.1 0.9 ± 0.4 ± 0.2 1 +0.3 1.2 ± 0.2 0.32
600 65 850 0.3 ± 0.1 0.6 ± 0.3 ± 0.1 1 +0.6 0.6 ± 0.1 0.29
650 65 850 0.3 ± 0.1 0.6 ± 0.3 ± 0.1 1 +0.6 0.3 ± 0.1 0.26
700 85 850 0.1 ± 0.1 0.4 ± 0.2 ± 0.1 0 �0.4 0.2 ± 0.1 0.28
750 85 850 0.1 ± 0.1 0.4 ± 0.2 ± 0.1 0 �0.4 0.1 ± 0.1 0.35
800 85 850 0.1 ± 0.1 0.4 ± 0.2 ± 0.1 0 �0.4 0.1 ± 0.1 0.36

Category A Category B 
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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.

EXO: Third-generation scalar leptoquarks in the tτ channel  
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(d)

Figure 4: Expected and observed limits on the coupling constant |C| in the contact

interaction model for same-sign top quark pair production as a function of the BSM physics

energy scale Λ for the (a) left–left, (b) left–right and (c) right–right terms. Plot (d) shows

the observed limits on the Higgs-like exchange with FCNC coupling in the plane (κutH ,κctH)

for three different hypotheses on the mass of the heavy Higgs-like particle.

the upper limit on |C4t|/Λ2 is 15.1 TeV−2, as illustrated in figure 11a. The lower limit on

the sgluon mass is 0.83 TeV, assuming that the sgluons are pair-produced and always decay

to tt̄ (for an expected limit of 0.94 TeV), as shown in figure 11b. The observed limits on the

cross section times branching ratio for the 2UED/RPP signal are shown in figures 11c, 11d

and 12. These imply the following limits on mKK: in the symmetric case (R4 = R5), the ob-

served limit coming from tier (1, 1) is 0.96 TeV (where the expected limit is 1.05 TeV). The
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Figure 4: Expected and observed limits on the coupling constant |C| in the contact

interaction model for same-sign top quark pair production as a function of the BSM physics

energy scale Λ for the (a) left–left, (b) left–right and (c) right–right terms. Plot (d) shows

the observed limits on the Higgs-like exchange with FCNC coupling in the plane (κutH ,κctH)

for three different hypotheses on the mass of the heavy Higgs-like particle.

the upper limit on |C4t|/Λ2 is 15.1 TeV−2, as illustrated in figure 11a. The lower limit on

the sgluon mass is 0.83 TeV, assuming that the sgluons are pair-produced and always decay

to tt̄ (for an expected limit of 0.94 TeV), as shown in figure 11b. The observed limits on the

cross section times branching ratio for the 2UED/RPP signal are shown in figures 11c, 11d

and 12. These imply the following limits on mKK: in the symmetric case (R4 = R5), the ob-

served limit coming from tier (1, 1) is 0.96 TeV (where the expected limit is 1.05 TeV). The
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physics models that can enhance the rate. These can generically be described in terms of a

four-fermion contact interaction with coupling strength C4t/Λ2, where C4t is the coupling

constant and Λ is the scale of the BSM physics [30]. The Lagrangian for this interaction is

L4t =
C4t

Λ2
(t̄Rγ

µtR) (t̄RγµtR) (1.1)

where tR is the right handed top spinor and the γµ are the Dirac matrices. Two specific

models are also considered. The first is sgluon pair production, where sgluons are colour-

adjoint scalars that appear in several extensions to the SM [31–36]. If the sgluon mass is

above the top quark pair-production threshold, the dominant decay is to tt̄, resulting in four

top quarks in the final state (tt̄tt̄). The cross sections considered in this paper are rescaled

to the next-to-leading order (NLO) prediction of Ref. [37]. The second model is one with

two universal extra dimensions under the real projective plane geometry (2UED/RPP) [38].

The compactification of the extra dimensions leads to discretization of the momenta along

their directions. The model is parameterized by the radii R4 and R5 of the extra dimensions

or, equivalently, by mKK = 1/R4 and ξ = R4/R5. This model predicts the pair production

of tier2 (1, 1) Kaluza–Klein excitations of the photon (A(1,1)
µ ) with mass approximately√

2mKK that decay to tt̄ with a branching fraction assumed to be 100%. The model also

predicts a four-top-quark signal from tiers (2, 0) and (0, 2). Cosmological observations

constrain mKK in this model to lie approximately between 600 GeV and 1200 GeV [39].

A fourth generation of SM-like quarks includes a charge −1/3 quark, called the b′ [40–

43]. Under the assumption that the b′-quark decays predominantly to Wt, b′ pair produc-

tion results in four W bosons in the final state. If two W bosons with the same electric

charge decay leptonically, there will be a same-sign lepton pair in the final state. If the

b′-quark can also decay to Wq, where q is a light (u or c) quark, some b′ pairs would also

result in same-sign lepton pairs or trileptons (provided that at least one b′-quark decays

to Wt), and therefore the possibility of such decays is explored as well. The existence of

additional chiral quark generations greatly enhances the Higgs boson production cross sec-

tion, so if the new boson observed at the LHC is a manifestation of a minimal Higgs sector,

additional quark generations are ruled out [44–49]. However, a more complex Higgs sector,

as in some Two-Higgs-Doublet models [50], allows a fourth generation of chiral quarks.

Production of two positively charged top quarks via uu → tt can also result in an excess

of same-sign lepton pairs. This process may be mediated via s- or t-channel exchange of a

heavy particle [51, 52]. In the t-channel exchange case, the process must include a vertex

with a flavour-changing neutral current (FCNC). The neutral particle that is exchanged

may be a vector, Z-like, particle or a scalar, Higgs-like, particle. Past searches for a new

Z ′ boson have already put strong constraints on this possibility, thus only the scalar case

is considered, with the following generic model Lagrangian [53]:

LFCNC = κutH t̄Hu+ κctH t̄Hc+ h.c. (1.2)

where H is a Higgs-like particle with mass mH and κutH and κctH denote the flavour-

changing couplings of H to up-type quarks. Two scenarios are tested, one corresponding

2A tier of the Kaluza–Klein towers is labelled by two integers, corresponding to the two extra dimensions.
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Figure 1: Leading-order diagrams for (a) vector-like top quark pair production, (b) sgluon

pair production, and (c) same-sign top quark pair production through a BSM flavour-

changing Higgs coupling.

to a possible FCNC coupling of the newly discovered Higgs boson (mH = 125 GeV) and

the other to a second scalar boson with a mass in the range [250, 750] GeV. If the mass

of the mediating particle is much greater than the electroweak symmetry breaking scale,

an effective four-fermion contact interaction can describe the process, thus extending the

search to non-scalar particles. The corresponding Lagrangian contains separate operators

for the different initial-state chiralities [54]:

Ltt =
1
2
CLL

Λ2 (ūLγµtL)(ūLγµtL) + 1
2
CRR

Λ2 (ūRγµtR)(ūRγµtR)

− 1
2
CLR

Λ2 (ūLγµtL)(ūRγµtR) − 1
2
C′

LR

Λ2 (ūLaγµtLb)(ūRbγµtRa) + h.c.
(1.3)

where CLL, C
(′)
LR and CRR are the coefficients of effective operators corresponding to each

chirality configuration and Λ is the scale of the BSM physics. The CLR and C ′
LR terms

lead to kinematically equivalent events, hence only one term is considered in this paper.

Leading-order Feynman diagrams for the production in pp collisions of some of the

signals searched for in this analysis are presented in figure 1.

Previous searches by the ATLAS collaboration [54] using an integrated luminosity of

1.04 fb−1 of pp collisions at a centre-of-mass energy
√
s = 7 TeV and the CMS collabor-

ation [55], using an integrated luminosity 19.5 fb−1 of pp collisions at
√
s = 8 TeV, did

not observe a significant excess of same-sign dilepton production. The ATLAS result was

used to set a lower limit of 450 GeV on the mass of a heavy down-type quark, under the

assumption that the branching ratio to Wt is 100%, while the CMS result set upper lim-

its on the four-top-quark production cross section of 49 fb,3 on the sum of the tt and t̄t̄

production cross sections of 720 fb, and on the tt production cross section of 370 fb. The

CMS collaboration also used the same-sign lepton signature as part of a broader search

for vector-like T quarks [56], and ruled out such quarks with mass less than 0.69 TeV.

A more recent search by the ATLAS collaboration [57] using an integrated luminosity of

20.3 fb−1 of pp collisions at
√
s = 8 TeV with similar final states to those reported here

was interpreted in the context of supersymmetric models. The present analysis improves

3Unless stated otherwise, all limits reported are at the 95% confidence level (CL).
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Figure 5: (a) Probability for the data in the four-top-quark signal regions (SR4t0–SR4t4)

to be consistent with a zero cross section for anomalous four-top-quark production under

two model scenarios, as a function of the characteristic mass scale of the models. (b)

Probability for the data in the VLQ/b′-quark signal regions (SRVLQ0–SRVLQ7) to be

consistent with a zero cross section for various heavy quarks, as a function of the quark

mass.

observed limit coming from tiers (2, 0) + (0, 2) alone (BR(A(1,1) !→ tt̄tt̄) = 0) is 0.50 TeV

(where the expected limit is 0.55 TeV). In the highly asymmetric case (R4 > R5), tier

(0, 2) does not contribute any longer and the observed limit on mKK from tier (2, 0) alone

is 0.45 TeV (where the expected limit is 0.51 TeV). Figure 12 shows the limits in the mKK–ξ

plane, with the constraints from cosmological considerations superimposed.
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Figure 7: Observed limits on the pair production cross section as a function of mass for (a)

vector-like B and (b) vector-like T quarks. The vertical dashed lines indicate the expected

and observed limits on the vector-like quark mass. These limits assume branching ratios

given by the model where the B and T quarks exist as singlets [25]. The shaded band

around the theory cross section indicates the total uncertainty on the calculation.
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Figure 8: Expected (a) and observed (b) vector-like B quark mass hypotheses excluded

at 95% CL as a function of the assumed branching ratios.
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Figure 9: Expected (a) and observed (b) vector-like T quark mass hypotheses excluded

at 95% CL as a function of the assumed branching ratios.
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Figure 6: Limits on b′-quark pair production: (a) Expected and observed upper limits

on the b′ pair-production cross section times the branching ratio for b′b̄′ → W−tW+t̄, as a

function of the b′-quark mass (the vertical dashed lines indicate the expected and observed

limits on the b′-quark mass, and the shaded band around the theory cross section indicates

the total uncertainty on the calculation); (b) expected and (c) observed exclusion limits on

the b′-quark mass as a function of the assumed branching ratios into c- and t-quarks.
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Figure 6: Limits on b′-quark pair production: (a) Expected and observed upper limits

on the b′ pair-production cross section times the branching ratio for b′b̄′ → W−tW+t̄, as a

function of the b′-quark mass (the vertical dashed lines indicate the expected and observed

limits on the b′-quark mass, and the shaded band around the theory cross section indicates

the total uncertainty on the calculation); (b) expected and (c) observed exclusion limits on

the b′-quark mass as a function of the assumed branching ratios into c- and t-quarks.
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10 9 Summary

Table 2: Summary of the signal efficiencies, number of expected background events, and num-
ber of observed events for the six tt channels. Only statistical uncertainties are included. For
the all-leptonic and semileptonic channels, numbers of expected background events and ob-
served events are evaluated for each mass point in mZH intervals corresponding to ±2.5 times
the expected resolution. For the all-hadronic channel we consider the number of expected
background, signal, and observed events for mZH > 800 GeV. When the expected background
is zero, the 68% confidence level upper limit is listed.

Mass (TeV) tete tetµ tµtµ teth tµth thth
B(tt) 3.2% 6.2% 3.0% 23.1% 22.6% 41.9%
#sig(%) 0.8 2.8 ± 0.7 3.4 ± 0.5 4.2 ± 0.7 3.3 ± 0.3 4.4 ± 0.3 2.2 ± 0.2

0.9 11 ± 1 16 ± 1 20 ± 2 14.3 ± 0.5 18.7 ± 0.6 11.5 ± 0.4
1.0 17 ± 2 24 ± 1 38 ± 2 21.2 ± 0.6 29.3 ± 0.7 18.0 ± 0.5
1.2 26 ± 2 30 ± 1 39 ± 2 28.3 ± 0.7 35.8 ± 0.7 23.0 ± 0.5
1.5 30 ± 2 42 ± 2 53 ± 2 29.2 ± 0.8 38.1 ± 0.9 29.1 ± 0.7
2.0 28 ± 2 39 ± 2 56 ± 3 31.1 ± 0.8 39.2 ± 0.9 31.9 ± 0.7
2.5 27 ± 2 37 ± 2 42 ± 2 26.8 ± 0.8 37.0 ± 0.8 30.1 ± 0.7

Nbkg 0.8 0.3 ± 0.5 1.1 ± 0.8 1.6 ± 1.2 6.1 ± 2.0 6.7 ± 2.1

6.1+3.2
�2.5

0.9 0.5 ± 0.4 1.7 ± 1.2 3.8 ± 2.1 9.8 ± 3.2 9.2 ± 2.9
1.0 1.4 ± 1.4 1.7 ± 1.0 2.0 ± 0.9 9.5 ± 3.5 7.6 ± 2.2
1.2 1.2 ± 1.2 1.2 ± 0.8 1.4 ± 0.6 5.0 ± 2.0 6.6 ± 2.3
1.5 0.4 ± 0.4 0.07 ± 0.04 0.9 ± 0.4 4.3 ± 1.8 2.6 ± 0.9
2.0 <0.5 <0.4 0.7 ± 0.4 0.1 ± 0.1 <0.4
2.5 <2.1 <0.3 0.3 ± 0.1 0.18 ± 0.05 <0.5

Nobs 0.8 1 1 2 3 10

8
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Figure 4: Expected and observed upper limits on the quantity s(Z0) B(Z0 ! ZH) for the six
analysis channels combined. Green and yellow bands correspond to ±1 or ±2s variations on
the expected upper limit, respectively.

9 Summary

The first search for a highly massive (�0.8 TeV) and narrow resonance decaying to Z and H
bosons that decay in turn to merged dijet and t+t� final states has been conducted with data
samples collected in 8 TeV proton-proton collisions by the CMS experiment in 2012. For a high-
mass resonance decaying to much lighter Z and H bosons, the final state particles must be

8 7 Systematic uncertainties
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Figure 2: Observed distributions of mZH for the semileptonic channels along with the cor-
responding MC expectations for signal and background, as well as background estimation
derived from data: (left) teth category; (right) tµth category. The shaded bands indicate the
statistical uncertainty from MC background. The signal cross section is scaled by a factor of 5.
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Table 2: Summary of systematic uncertainties on the expected signal yield, excluding those on the production cross
section and the acceptance. The total systematic uncertainty is obtained by summing the individual contributions
in quadrature.

Source Uncertainty in signal yield [%]
Integrated luminosity 2.8
MC statistics 1.0
Trigger e�ciency 1.0
Photon ID e�ciency 3.0
Photon isolation 0.3–2.1

e�ciency (for m

G

⇤ = 500–3000 GeV)
Total ⇡5
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Figure 3: Observed invariant mass distribution of the selected diphoton events (black dots; the vertical and hori-
zontal axes on logarithmic scales). To compensate for the rapid decrease of the spectrum, the bins are chosen to
have constant logarithmic width. Specifically, the ratio of the upper to lower bin boundary is equal to 1.038 for
all bins, and the first bin starts at 179 GeV. Superimposed are the SM background prediction including irreducible
and reducible components and two examples of signal predictions. The low-mass control region is indicated by an
arrow. (Bottom insert) Bin-by-bin significance of the di↵erence between data and background expectation.

6 Results

The observed diphoton mass spectrum is shown in Fig. 3, together with the background expectation and
the predicted signal for two examples of values of the RS model parameters. The acceptance (i.e. the frac-
tion of simulated events in which both photons satisfy the requirements on |⌘| and E

�
T described above)

for the RS scenario with m

G

⇤ = 2.0 TeV and k/MPl = 0.1 is 89.3% and the selection e�ciency for

9

Table 3: Number of events expected from the reducible and irreducible background components as well as the total
background and observed number of events in di↵erent mass bins. Each bin boundary in the table corresponds to a
bin boundary in Fig. 3, but the binning of the table is more coarse than in the figure. Since the combined statistical
and systematic uncertainties are strongly anticorrelated between the two components, the uncertainty in the total
background prediction is smaller than the sum in quadrature of the uncertainties of the individual components.

Mass window Background expectation (number of events) Observed
[GeV] Irreducible Reducible Total events

[179, 409] 23800 ± 2400 9100 ⌥ 2400 32866 32866Control region
[409, 513] 1070 ± 110 400 ± 100 1463 ± 27 1465
[513, 596] 369 ± 37 129 ± 34 498 ± 12 524
[596, 719] 240 ± 24 74 ± 20 314.4 ± 8.8 335
[719, 805] 75.8 ± 7.7 20.6 ± 5.5 96.4 ± 3.2 99
[805, 901] 46.6 ± 4.8 11.5 ± 3.2 58.1 ± 2.1 60
[901, 1009] 28.2 ± 3.0 6.3 ± 1.8 34.5 ± 1.5 33
[1009, 1129] 16.8 ± 1.9 3.4 ± 1.0 20.2 ± 1.0 15
[1129, 1217] 6.92 ± 0.89 1.35 ± 0.46 8.27 ± 0.45 7
[1217, 1312] 4.85 ± 0.73 0.88 ± 0.39 5.74 ± 0.36 3
[1312, 1415] 3.11 ± 0.54 0.58 ± 0.28 3.69 ± 0.25 0
[1415, 1644] 3.39 ± 0.59 0.61 ± 0.29 4.00 ± 0.32 5
[1644, 3000] 2.12 ± 0.61 0.41 ± 0.22 2.52 ± 0.30 3

events within acceptance is (55.9 ± 2.6)%. The bottom insert in Fig. 3 shows, bin-by-bin, the statistical
significance of the di↵erence between the data and the expected background. This significance is cal-
culated using the prescription in Ref. [32] and is plotted as positive (negative) for bins with an excess
(deficit) of data. The observed event yields and expected backgrounds are also summarized in Table 3.
No significant deviation of the data from the expected background is observed. To further quantify the
level of agreement, the BumpHunter [33] algorithm is used to search for any “bump” on top of the ex-
pected background, i.e. any excess of events localized in a relatively narrow mass region. Specifically,
the BumpHunter algorithm scans the mass distribution in windows of progressively increasing width in
order to identify the window with the most significant excess of observed events over the background
anywhere in a predefined search region. In this analysis, the binned m�� spectrum from Fig. 3 is used,
the search region is defined as 409 < m�� < 3000 GeV, and the window size is allowed to vary from one
bin to half the number of bins in the search region. The most significant excess is found in the region
494 < m�� < 745 GeV. The probability to observe anywhere in the search region an excess that is at least
as significant as the one observed in data and that arises from fluctuations in the background is 58%. This
confirms the absence of any significant excess in the data.

As no evidence for a signal is found, upper limits at 95% confidence level (CL) are set on the production
cross section times branching ratio, �⇥ BR(G⇤ ! ��), for the lightest RS graviton. A Bayesian approach
is used to calculate the limits, and the corresponding computer program is implemented using the toolkit
from Refs. [34, 35]. A likelihood function is used to describe the probability to obtain the m�� distribution
observed in data, given the background and signal predictions. The likelihood is defined as the product
of the per-bin probabilities over all bins in the search region (m�� > 409 GeV) in Fig. 3. In each bin, the
probability is computed from a Poisson distribution given the observed number of events and the model

10

Table 4: Expected and observed lower limits at 95% CL on m

G

⇤ for di↵erent values of k/MPl.

Expected limit [TeV] Observed
k/MPl �2� �1� central +1� +2� limit [TeV]
0.010 1.45 1.38 1.30 1.20 1.11 1.41
0.020 1.80 1.78 1.70 1.60 1.49 1.62
0.030 2.02 2.01 1.96 1.86 1.77 1.92
0.040 2.17 2.16 2.14 2.04 1.94 2.15
0.050 2.29 2.28 2.27 2.17 2.08 2.28
0.060 2.38 2.38 2.37 2.27 2.19 2.38
0.070 2.47 2.46 2.45 2.37 2.27 2.46
0.080 2.54 2.54 2.53 2.46 2.38 2.54
0.090 2.61 2.60 2.60 2.53 2.45 2.60
0.100 2.67 2.66 2.66 2.60 2.51 2.66

prediction, where the model prediction is the sum of the expected numbers of background and signal
events. The expected signal yield depends on m

G

⇤ and � ⇥ BR(G⇤ ! ��). Using Bayes’ theorem, the
likelihood is converted into a posterior probability. A uniform positive prior in � ⇥ BR(G⇤ ! ��) is
assumed, and systematic uncertainties are incorporated using nuisance parameters with Gaussian priors.
For a given value of m

G

⇤ , the posterior probability is reduced to one parameter of interest, � ⇥ BR(G⇤ !
��), and the 95% CL limit on � ⇥ BR(G⇤ ! ��) is obtained via integration of the posterior probability.
The resulting limits on �⇥ BR(G⇤ ! ��), as a function of the mass hypothesis (value of m

G

⇤), are shown
in Fig. 4. The phenomenology of the RS model can be described in terms of the parameters m

G

⇤ and
k/MPl, i.e. � ⇥ BR(G⇤ ! ��) can be calculated [36, 37] for a given pair of values for these parameters.
The results of this calculation are represented by the lines for given values of k/MPl in Fig. 4. They are
obtained using the Pythia generator, which implements the calculations from Ref. [37]. A K-factor is
applied to these predictions to account for QCD corrections at NLO. The value of the K-factor varies
between 1.6 and 1.9, depending on m

G

⇤ and k/MPl. These results for the K-factor were provided by
the authors of Refs. [38, 39], using updated calculations at

p
s = 8 TeV. Given these theory predictions

for � ⇥ BR(G⇤ ! ��), the upper limits on � ⇥ BR(G⇤ ! ��) from Fig. 4 can be translated into upper
limits on k/MPl. The results are shown, as a function of m

G

⇤ , in Fig. 5. Alternatively, the upper limits
on � ⇥ BR(G⇤ ! ��) can be translated into lower limits on the graviton mass. The results are shown
in Table 4, for di↵erent values of k/MPl. The limits presented in Fig. 5 and in Table 4 do not take into
account any theory uncertainties in the prediction of � ⇥ BR(G⇤ ! ��) for the RS signal. The size of
one of the dominant theory uncertainties (the PDF uncertainty) is included in Fig. 4; uncertainties due to
missing higher-order contributions in the calculation of the K-factor are estimated to be of comparable
size.

7 Conclusions

In summary, a search for high-mass diphoton resonances has been performed using the full 2012 dataset
collected by the ATLAS detector at the LHC (20.3 fb�1 of pp collisions at

p
s = 8 TeV). No significant

excess over the expected background is observed, and upper limits on the production cross section times
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Figure 1: (Top) Distribution of the isolation energy E

iso
T for the leading photon candidate in events in the low-mass

control region. (Middle) Corresponding distribution for the subleading photon. The black points represent the
data. The blue line shows the result of the template fit to the data. The red and green lines show the templates for
photon and jet background respectively, normalized according to the fit result. The red and green bands represent
the uncertainties in the photon and jet contributions due to the uncertainties in the template shapes. (Bottom)
Distribution of E
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T for photon candidates with E

�
T > 400 GeV at any diphoton mass. The E
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T values always

include the E

�
T-dependent o↵set discussed in the text.
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8 7 Systematic uncertainties
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Figure 4: Distributions of Emiss
T , MT, MW

T2, and min Df(j1,2,~pmiss
T ) in CR1 after applying the

SFs. Two simulated DM signals with mass Mc of 1 and 600 GeV and an interaction scale M⇤
of 100 GeV are included for comparison. The hatched region represents the total uncertainty in
the background prediction. The error bars on the data-to-background ratio take into account
both the statistical uncertainty in data and the total uncertainty in the background prediction.
The last bin of the Emiss

T , MT, and MW
T2 distributions includes the overflow. The horizontal bar

on each data point indicates the width of the bin.
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Figure 5: Distributions of Emiss
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T ) in CR2 after applying the

SFs. Two simulated DM signals with mass Mc of 1 and 600 GeV and an interaction scale M⇤
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10 8 Results

background samples using three PDF sets: CT10 [41], MWST2008 [42], and NNPDF2.3 [43],
following the PDF4LHC recommendation [44, 45]. For each PDF set, an uncertainty band is
derived from the different error PDF sets, including the uncertainties due to the strong coupling
constant aS. The envelope of these three error bands is taken as the PDF uncertainty, which
leads to a 2.6% uncertainty in the background estimate.

Table 1 summarizes the systematic uncertainties and their impact on the background prediction
in the SR.

The following sources of systematic uncertainty associated with the signal expectation are
taken into account. The integrated luminosity is measured with precision of 2.6% [46]. Lepton
trigger and identification efficiencies are measured with a precision of 2% and 1%, respectively.
Uncertainties in the jet energy scale and resolution correction factors yield uncertainties of 2–
3% and less than 1%, respectively, depending on the mass hypotheses for the DM particle.
Uncertainties in the b-tagging correction factors for heavy-flavour and light-flavour jets yield
uncertainties of 3–4% and less than 1%, respectively.

Table 1: Systematic uncertainties from various sources and their impact on the total background
prediction.

Source of systematic uncertainties Relative uncertainty on
total background (%)

50% normalization uncert. of other bkg in deriving SFs 10
SFW+jets (CR tests) 13

tt+jets top-quark pT reweighting 3.9
Jet energy scale 4.0

Jet energy resolution 3.0
b-tagging correction factor (heavy flavour) 1.0
b-tagging correction factor (light flavour) 1.8

Pileup model 2.0
PDF 2.6

8 Results
Table 2 lists the number of events observed in the SR, along with the background prediction
and expected number of signal events for a DM particle with mass of Mc = 1 GeV and an in-
teraction scale M⇤ = 100 GeV. We observe no excess of events in the SR and set 90% confidence
level (CL) upper limits on the production cross section of DM particles in association with a
pair of top quarks. The choice of 90% CL is made in order to allow direct comparisons with
related limits from astrophysical observations. A modified-frequentist CLs method [47, 48] is
used to evaluate the upper limits, with both statistical and systematic uncertainties taken into
account in the limit setting.

Table 3 shows the signal efficiencies and the observed and expected upper limits on the pp !
tt + cc production cross section for seven mass hypotheses of the DM particle. The relatively
low values of signal efficiencies of 1–3% are mostly due to the requirement of Emiss

T > 320 GeV.
Cross sections larger than 20 to 55 fb are excluded at 90% CL for DM particles with mass rang-
ing from 1 to 1000 GeV. Interpreting the results in the context of a scalar interaction between
DM particles and top quarks, we set lower limits on the interaction scale M⇤, shown in Fig. 6.
Assuming a DM particle with a mass of 100 GeV, values of the interaction scale below 118 GeV
are excluded at 90% CL.

11

Table 2: Expected number of background events in the SR, expected number of signal events
for a DM particle with the mass Mc = 1 GeV, assuming an interaction scale M⇤ = 100 GeV, and
observed data. The statistical and systematic uncertainties are given on the expected yields.

Source Yield (±stat ±syst)
tt 8.2 ± 0.6 ± 1.9
W 5.2 ± 1.8 ± 2.1

Single top 2.3 ± 1.1 ± 1.1
Diboson 0.5 ± 0.2 ± 0.2

Drell–Yan 0.3 ± 0.3 ± 0.1
Total Bkg 16.4 ± 2.2 ± 2.9

Signal 38.3 ± 0.7 ± 2.1
Data 18

Table 3: Signal efficiencies, and observed and expected limits at 90% CL on production cross
sections for pp ! tt + cc̄, for various DM particle masses.

Mc (GeV) Signal efficiency (%) (±stat ±syst) slim
exp (fb) slim

obs (fb)

1 1.01 ± 0.02 ± 0.05 47+21
�13 55

10 1.01 ± 0.02 ± 0.05 46+21
�13 54

50 1.20 ± 0.02 ± 0.06 39+18
�11 45

100 1.46 ± 0.02 ± 0.07 32+14
�9 37

200 1.73 ± 0.02 ± 0.08 27+12
�8 32

600 2.40 ± 0.03 ± 0.11 19+9
�6 23

1000 2.76 ± 0.04 ± 0.13 17+8
�5 20

As shown in Eq. (1), DM production is modeled by an EFT, an approximation that has some
important limitations. Firstly, the EFT approximation is only valid when the momentum trans-
fer Qtr is small compared to the mediator mass. Secondly, the couplings should not exceed
the perturbative limit. Unfortunately, both of these conditions depend on the details of the
unknown new physics being approximated by the EFT. For example, if we consider a model
with s-channel exchange between the top quarks and the DM particles and a coupling equal
to the perturbative limit g ⌘ pgcgt = 4p, where gc and gt are the coupling constants of the
mediator to DM particles and top quarks, respectively, then we can derive a lower bound on
M⇤,

p
M3

⇤/mt > Mc/2p, where mt is the mass of the top quark [3, 49]. The region of parameter
space in the exclusion plane that does not meet the perturbative condition for the validity of
the EFT is indicated by the hatched area in Fig. 6.

In addition to this minimal requirement, we also test the validity of the EFT approximation
with respect to the momentum transfer condition. For the same s-channel mediator scenario,
Qtr is estimated as the invariant mass of two DM particles (Mcc) as shown in Fig. 7. The
EFT approximation is then valid if Mcc < g

p
M3

⇤/mt. The fraction of simulated signal events
that satisfy this requirement (R) is reported for given values of g and M⇤. For g = 4p and
g = 2p, contours are overlaid in Fig. 6 that indicate where in the exclusion plane 50% or 80% of
simulated signal events passing the analysis selection criteria satisfy the momentum transfer
condition. If instead of drawing such a contour we fix M⇤ at the 90% CL lower limit obtained in
this analysis, then 89% (46%) of simulated signal events passing the analysis selection criteria
satisfy the momentum requirement for g = 4p(2p) and Mc = 1 GeV. These fractions drop
to 63% (5%) for Mc = 200 GeV. No simulated signal events passing the analysis selection
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ATLAS Collaboration [12]. In the case of an s-channel mediator, they are only valid for large
values of the coupling constant, where the effective field theory approximation holds for most
signal events. These limits are interpreted as limits on the dark matter-nucleon scattering cross
sections for the spin-independent scalar operator. For dark matter particles with masses below
6 GeV, more stringent limits are obtained from this search than from direct dark matter detec-
tion searches. Dark matter-nucleon cross sections larger than 1–2 ⇥ 10�42 cm2 are excluded at
90% CL.
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1 Introduction
Dark matter (DM) is estimated to account for about 23% of the total mass of the universe, and
is five times more abundant than the known baryonic matter. While the existence of DM is
inferred from astrophysical observations, there is very little information about its nature or
how it interacts with ordinary matter.

In this paper, we consider a simplified scenario [1–3] in which DM has a particle explanation
and, in particular, there is only one new Dirac fermion related to DM within the energy reach
of the LHC. The fermion interacts with quarks via a four-fermion contact interaction, which
can be described by an effective field theory (EFT) Lagrangian:

Lint = Â
q

Â
i

Cq i
�
qGq

i q
��

cGc
i c

�
, (1)

where C represents the coupling constant, which usually depends on the scale of the interac-
tion (M⇤). The operator G describes the type of the interaction, including scalar (G = 1), pseu-
doscalar (G = g5), vector (G = gµ), axial vector (G = gµg5), and tensor interactions (G = sµn).
The exact value of the constant C depends on the particular type of the interaction.

This scenario can lead to the production of DM particles in association with a hard parton, a
photon, or a W or Z boson. The first two production modes are usually referred to as mono-
jets [1, 3–6] and monophotons [4], respectively. Recent monojet results from the ATLAS [7] and
CMS [8] Collaborations have placed lower limits on M⇤ for some typical couplings in Eq. (1).
The ATLAS Collaboration [9] has also searched for DM particles in events with a hadroni-
cally decaying W or Z boson. Assuming a DM particle with a mass of 100 GeV, the excluded
interaction scales are below about 60 GeV [9], 1040 GeV [8], 1010 GeV [8], and 2400 [9] GeV for
scalar, vector, axial-vector, and tensor interactions, respectively, and the excluded scale is below
410 GeV [8] for a scalar interaction between DM particles and gluons.

The exclusion limit for a scalar interaction between DM particles and quarks is the least strin-
gent among all the interaction types that have been probed. In this interaction the coupling
strength is proportional to the mass of the quark:

Lint =
mq

M3
⇤

qqcc. (2)

As a consequence, couplings to light quarks are suppressed. A recent paper [10] suggested
that the sensitivity to the scalar interaction can be improved by searching in final states with
third-generation quarks. It has also been noted that the inclusion of heavy quark loops in the
calculation of monojet production [11] increases the expected sensitivity.

In this paper, we report on a search for the production of DM particles in association with a pair
of top quarks, and consider only the scalar interaction. The ATLAS Collaboration has recently
searched for DM particles in association with heavy quarks [12], placing more stringent limits
on the scalar interaction between DM particles and quarks than the mono-W/Z search [9].
Assuming a DM particle with a mass of 100 GeV, the excluded interaction scale is 120 GeV for
scalar interaction between top quarks and DM particles. Figure 1 shows the dominant diagram
for this production at the LHC. In this paper we focus our search on events with one lepton
(electron or muon) in the final state.
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