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ABSTRACT

The existence of heavy partners of the top quark with charge 5/3 is
a common prediction of many solution to the Standard Model hierarchy problem. The search for the pair-production of top partners
√
in pp collisions at s = 7 TeV with the CMS detector at the LHC is
reported. The data sample includes all of the statistics of 2011, corresponding to an integrated luminosity of 5 fb−1 . New techniques and
kinematical variables are developed in order to enhance the rejection
of the backgrounds. The number of selected events is consistent with
the expectations from Standard Model backgrounds and no excess is
found. Exclusion limits are set at 95% confidence level.
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T H E T H E O R Y O F T H E T O P PA R T N E R S

1.1

the standard model

The SM is a quantum field theory developed in the 1970s. It describes
matter and the electromagnetic, weak and strong nuclear forces in
terms of point-like particles [29, 40].
The most profound insight in the SM is that all of these interactions
are determined by symmetry principles, called local gauge symmetries. This idea is connected with the fact that the conserved physical
quantities, e. g. electric charge, are conserved at every point in spacetime, and not just globally. This connection is given by Nöther’s theorem in the lagrangian formalism.
The treatment of one particular property of the particles requires
some ingenuity. Mass terms are not allowed in the SM lagrangian, because they break the fundamental symmetry principles. Yet it is obvious from observation that most particles have mass. The Higgs mechanism with spontaneous symmetry breaking was devised to solve
this problem, and appears to be close to experimental confirmation
at the time of writing.
We will first review the features of the unbroken SM, then introduce the Higgs field and finally present some shortcomings of this
theoretical description.
A complete description can be found elsewhere, the following section will highlight the material that is relevant to the problems we are
investigating in the rest of our work.
1.2

the unbroken sm

All of the matter particles in the SM are fermions, and are usually
divided in two categories: particles that feel the strong force, called
quarks, and particles that do not, called leptons. Quarks and leptons
are grouped into three families or generations. Particles from different
generations have exactly the same properties, except for mass. The
origin of this family structure is still unknown.
A force is introduced by requiring the lagrangian for the matter
fields to be invariant under a group of space-time dependent transformations, called gauge transformations.
The theory of QED was the first succesful gauge theory. It describes
the electromagnetic force, with a U(1) gauge invariance. As a consequence, a gauge boson has to be introduced to preserve the local symmetry, that is the photon.
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The electromagnetic and weak forces are then unified by a gauge
group SU(2)L × U(1)Y , with the L subscript denoting the fact that the
SU(2) gauge transformations only involve the left-handed fermions.
The Y subscript is intended to indicate that this U(1)Y group is not
the same as the aforementioned group for QED. The number of gauge
bosons must be the same as the dimension of the gauge group, so that
we now get four vector bosons: the photon, the W± and the Z.
The description of the strong force involves the group SU(3). The
charge of the strong force is called colour, it is carried by eight bosons
called gluons. Figure 1 summarizes the particle contents of the unbroken SM.

Figure 1: The particles in the unbroken SM.

1.3

spontaneous simmetry breaking: the higgs mechanism

We have only considered massless particles. This is not the case for all
the known fermions, and for the W and Z bosons. A mechanism was
proposed to preserve the gauge invariance of the lagrangian, while
the vacuum state is no longer a singlet under the action of the gauge
group.
Spontaneous symmetry breaking of the local gauge symmetry in
the SM provides massive W and Z bosons and a new boson, called
the Higgs boson. In addition, we can obtain massive fermions by coupling them to the Higgs field.

1.4 the hierarchy problem

1.4

3

the hierarchy problem

Recently found evidence for a light Higgs boson, with a mass near 125 GeV [3,
14], are thought to be an indication of new symmetries and new particles beyond the SM.
The theory predicts that the mass mH is subject to large radiative
corrections from loop diagrams similar to figure 2, that should increase it by a large amount. In the SM, fine tuning is required to prevent this corrections from becoming too large [27]. Theoretical physicists generally dislike this fine tuning on grounds of naturalness.

Figure 2: Radiative correction to the Higgs mass from the top quark.

The most notorious example of an extension to the SM that can
eliminate this naturalness problem is supersimmetry, where the radiative corrections to the Higgs mass of the SM fermions are canceled
by the contributions from their superpartners.
There exist many theories that do not invoke supersimmetry as the
solution to the hierarchy problem. A robust and generic prediction
of many of them is the existence of new particles, the top partners,
again balancing the largest contribution to mH coming from the top
quark.
1.5

the top partners

Theoretical developments predicting the existence of top partners
stem from the search for a way of introducing gravity in the SM,
while solving the hierarchy problem at the same time.
Five-dimensional space-time theories including gravity can be formulated in terms of effective 4-d lagrangians where SM quarks mix
with the top partners, which, again from arguments of naturalness,
should have a mass below or slightly above the TeV scale. The lightest quarks have a small mass, indicating that their mixing with the
new particles is negligible. The top quark, having a very large mass,
should have a sizeable mixing with its partner, possibly making deviation from the SM top interactions detectable at the LHC.
We use the top partner model from [32] to describe our signal, with
vertices with the vector bosons and the top quark. We study the possibility of observing the top partners in the very clean channel of
two same-sign hard leptons. Typical production and decay diagrams
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are shown in figure 3. The cross-section of the single production by
weak interaction is smaller by a factor of at least two in all the mass
range considered in the present work, and is therefore not taken into
account.

Figure 3: Typical single and pair production of the top partner T5/3 at the
LHC.

2

THE LHC AND THE CMS DETECTOR

2.1

the large hadron collider

The LHC is a ring-shaped proton-proton accelerator with a circumference of 27 km. It is hosted in a tunnel 45 to 170 m below ground
at the CERN laboratory in Geneva, Switzerland. In 2011, the LHC accelerated two proton beams up to an energy of 3.5 TeV each and an
instantaneous luminosity of up to 3.55 · 1033 cm−2 s−1 .
The two proton beams are pre-accelerated through four smaller
systems before being injected in the LHC:
• the linear accelerator (up to 50 MeV)
• the proton synchrotron booster (up to 1.4 GeV)
• the proton synchrotron (up to 26 GeV)
• the super proton synchrotron (up to 450 GeV)
The protons travel in ultra-high vacuum around 10−10 mbar, while
different sets of magnets keep them in a circular orbit and provide
acceleration and focusing.
Radio frequency cavities in the LHC accelerate the protons, providing an energy increase of 0.5 MeV/turn. Superconducting dipole magnets operate at currents of 11850 A to bend the trajectories of the
protons with a magnetic field up to 8.3 T. Quadrupole magnets are
employed to focus the beams, thus increasing the probability of an interaction when they collide. The magnets are cooled with superfluid
helium at 1.9 K. The beams are made of “bunches” of protons with a
time spacing of 50 ns.
At four different interaction points, the two proton beams are brought
to collision where the experiments are located: CMS, ATLAS, LHCb
and ALICE, as shown in figure 4. The first two are general purpose
detectors. LHCb is designed for the study of CP violation in b physics,
and ALICE for the analysis of the quark-gluon plasma produced in
heavy ion collisions.
2.2

the compact muon solenoid

CMS is a general purpose detector based on interlocking cylindrical
subdetectors in the central barrel region, closed by two endcaps, all
placed coaxially with the beam and centred on the beam interaction
point.
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Figure 4: A view of the LHC and the four experiments.

2.2.1

Coordinate convention

The conventional coordinate system has its origin at the nominal interaction point. The z axis points along the beam direction, the y axis
points vertically upwards, and the x axis points towards the centre
of the LHC circumference. The xy plane is thus called the transverse
plane as it is orthogonal to the CMS cylinder.
We define two angles in the transverse plane: the azimuthal ϕ angle
is measured from the x axis, and the polar angle θ, measured from
the z axis. Pseudorapidity is defined as η = − log tan θ/2.
2.2.2

Structure of the detector

A global view and a transverse section of the detector are shown in
figures 5 and 6.

Figure 5: The CMS detector.

A superconducting solenoid 13.5 m and with a diameter of 5.9 m
provides a uniform, axial magnetic field of 3.8 T. The return field sat-

2.2 the compact muon solenoid

Figure 6: Transverse view of the CMS detector with some examples of
tracks.

urates an iron yoke, which consists of five wheels in the barrel region and three disks in each of the two endcaps. Muon detectors are
installed in the return yokes, with four stations of aluminium drift
tubes and resistive plate chambers in the barrel and cathode strip
chambers also with resistive plate chambers in the endcap.
The tracking system and the calorimeters are installed inside the
solenoid. The tracker is a cylinder with a diameter of 2.6 m with
three layers of pixel detectors, allowing exceptional measurements
of the impact parameter of the particles and secondary vertex reconstruction, and ten layers of silicon microstrip detectors. The tracking
system is surrounded by the calorimeters, which cover the region
with |η| < 3. There is an electromagnetic calorimeter (ECAL), made
of lead tungstate crystals and a brass/scintillator hadron calorimeter
(HCAL). A forward calorimeter provides additional coverage up to
|η| < 5.
2.2.3

The tracking system

Very high granularity and time resolutions are needed in the tough
environment of the LHC experiments, with thousands of particles
produced for every interaction. The high spatial resolution is particularly important in the region close to the primary interaction.
For these reasons, silicon detectors where chosen for the whole
tracking system of the CMS experiment.
the pixel detector is made of three cylinders in the barrel and
two disks in each of the two endcaps. The spatial resolution on
each hit is about 10 µm in r-ϕ and about 20 µm in z.
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the microstrip detector is made of concentrical layers in the
barrel region, divided in two systems: the tracker inner barrel
(TIB) and the tracker outer barrel (TOB).
The TIB has four layers in the region with 20 cm < r < 55 cm
and |z| < 65 cm. The sensors are 10 cm long in z, 80 to 120 µm
wide and 320 µm thick. The single hit resolution is between 23
and 34 µm in the r-ϕ plane, and about 230 µm in z.
The TOB module is made of six layers, covering 55 cm < r <
116 cm and |z| < 116 cm. The sensors have a length of 25 cm,
a width of 180 µm and a thickness of 500 µm. The single hit
resolution is 35 to 52 µm in the r-ϕ coordinates, and 530 µm in
z.
Two more modules are installed in the endcaps, arranged around
the beam line: the tracker inner disks (TID) and tracker outer endcaps (TEC)
Each TEC module consists of nine disks, while the TID have
three smaller disks. Both these modules have strips pointing
radially toward the beam line with a thickness of 320 µm to 500
µ m.
2.2.4

The electromagnetic calorimeter

The ECAL is the inner calorimeter, made of 61200 lead tungstate crystals in the barrel and 7324 crystals in the endcaps. The base of the
crystals is about 2 × 2 cm in size, with a depth of 23 cm, corresponding to 25 radiation lengths.
The scintillation light is collected by avalanche photodiodes in the
barrel and vacuum phototriodes in the endcaps. They have a high
gain and are insensitive to the magnetic field of the detector.
The energy resolution of the calorimeter has been measured in Z →
ee events from the 2011 data [24], as shown in figure 7.

Figure 7: Energy resolution of the ECAL as measured in Z → ee events in
the 2011 data.

2.2 the compact muon solenoid

2.2.5

The hadron calorimeter

The HCAL surrounds the ECAL and is made of plastic scintillators
interleaved with brass layers. It is composed of a hadron barrel up
to |η| < 1.4, a hadron endcap for 1.3 < |η| < 3.0. Two more systems
provide very good hermeticity: the hadron outer calorimeter is placed
outside the magnet in order to measure the energy of penetrating
hadrons, while the hadron forward calorimeter extends the coverage up
to |η| < 5.
2.2.6

The muon detectors

The muon system is installed in the return yokes of the magnet. Concentrical cylinders cover the barrel region up to |η| < 1.2, while four
disks make up the endcap detectors (|η| < 2.4|). Three kind of gas detectors are employed: drift tubes in the barrel, cathode strip chambers
in the endcaps, and resistive plate chambers in both. This last kind of
detector has a fast response and is the most important for the trigger.

Figure 8: The layout of the muon detectors.

2.2.7

The trigger and data acquisition system

The design bunch spacing of the LHC is 25 ns, i. e. 40 MHz. About
100 interactions per second can be stored, so that the trigger has to
provide a reduction factor of the order of 105 . The trigger system has
two levels of selection: the level 1 (L1) and the high level trigger.
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l1 is a hardware trigger, made of processors close to the detector
components. It exploits coarse granularity information from calorimeters and muon chambers to identify electromagnetic clusters,
muons, jets and missing Et . Its processing time per event is on
the order of a microsecond. It reduces the rate of events to less
than 100 kHz.
hlt is a software trigger run on a farm of commercial CPUs, and has
access to all event data, allowing for precise object reconstruction and energy/momentum evaluation. The HLT processing
time is around 0.1 s per event.

S I M U L AT I O N , R E C O N S T R U C T I O N A N D D ATA S E T S

3.1

simulation

Accurate Monte Carlo simulations are needed in order to make sense
of the data and model the behaviour of new physics signals in the
detector. The physics of the collisions is simulated by the event generators MadGraph [7] and PYTHIA [39]. Then, the propagation of the
particles in the detector has to be worked out. Two different types of
simulation are used by the CMS collaboration: a GEANT4-based [28]
simulation, known as the Full Simulation, and a detector model with
simplified geometry, response evaluation and pattern recognition to
decrease the processing time per event, the Fast Simulation [18]. Both
the GEANT-based simulation and the Fast Simulation were employed
in the generation of the background and signal samples for our studies.
3.1.1

The Full Simulation

In the GEANT-based simulation, the energy deposits in the sensitive
detector volumes are converted to electronic signals using algorithms
based on the observed detector behavior, including the simulation of
electronics noise and cross-talk. In many cases, the simulated electronic parameters are identical to those of the real devices; the constants specifying performance, calibrations, and noise behavior can be
read from the same database used for the reconstruction of the real
collision data. The output of this stage is simulated data in a format
identical to that of the real raw data read from the detector. Further
processing uses this data to simulate the formation of the L1 and HLT
decisions using the same algorithms implemented online in the CMS
trigger system. The simulated raw data that is produced is processed
in a manner identical to that of the real data from LHC collisions.
3.1.2

The Fast Simulation

This other approach makes a number of approximations:
cms geometry: the Fast Simulation describes the detector with a
simplified geometry of nested cilyndrical layers. The particles
are propagated from one layer to the next.
material effects: five effects are taken into account. These are
bremsstrahlung, photon conversion, multiple Coulomb scatter-
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ing, energy loss through ionization and nuclear interactions. All
of these are calculated analytically, except for nuclear interactions, since no analytical description is sufficient to describe the
effect. Cross sections are taken from the PDG and the kinematics are derived from single particle collisions saved beforehand.
track reconstruction: the reconstruction is not usually part of
the simulation. In particular, the track reconstruction is very
time consuming. The hits of the simulated track are used to
make a track candidate, but no fake tracks are simulated. This
is possibile because of the very low fake rate.
muons: muons are propagated through the tracker and calorimeters
with average energy loss, then dE/dx and multiple scattering
in the iron yokes of the muon chambers are computed. Muon
simulated hits are produced in all sections of the muon systems.
calorimeters: electron showers in the ECAL are simulated with
the Grindhammer [37] parametrization. Photons undergo pair
conversions based on the number of radiation lengths they have
traversed. Detector effects such as energy leakage into the crystal gaps and into the HCAL are included, as well as electronic
noise. Shower simulation in the HCAL is similar, with different
types of particles parametrized from GEANT-based simulation
results.
3.2

the reconstruction of physics objects

The particle flow [19] (PF) event reconstruction aims at reconstructing
and identifying all stable particles in the event. The essential idea is
to analyse the event combining the information from all the available
subdetectors in an optimal way.
The CMS detector, with its large silicon tracker and its extremely
precise electromagnetic calorimeter, appears to be ideally suited for
this purpose. The fundamental building bricks of the PF reconstruction are charged particle tracks, ECAL and HCAL clusters and muon
tracks. These must be delivered with a high efficiency and low fake
rate even in high-density environments like jets. A jet is a collection
of particles resulting from the decay of a quark or gluon and emitted
in the direction of the primary particle.
Reconsidering the design of the detector in figure 6, the logic used
to interpret this diagram is akin to that employed by the PF. An ECAL
cluster not linked to any track is a photon, an ECAL and HCAL cluster matched to a track gives a charged hadron, while an HCAL cluster without a track identifies a neutral hadron. Electrons are basically
ECAL-only clusters linked to a track. Muons are recognized from the
hits in the muon detectors.

3.2 the reconstruction of physics objects

From these basic elements, composite objects can be reconstructed,
such as τ leptons from their decay products, jets and missing transverse energy from all the particles in the event.
Quality requirements are needed in the reconstruction of the physics
objects: thousands of particles are created in each event and their
tracks can overlap. The quality selections are the result of detailed
studies by the CMS collaboration, aiming for the best compromise
between purity and efficiency. These recommendations are described
in the following paragraphs.
3.2.1

Track reconstruction

The track reconstruction algorithm proceeds in an iterative fashion.
The proton-proton interaction region, known as the beamspot, is used
as a first estimate of the hard interaction point prior to the reconstruction of the primary vertex. The first step of the algorithm uses
pixel hits only. Tracks are seeded from either triplets of hits or pairs
of hits with an additional constraint from the beamspot or a pixel
vertex. This first estimate of the trajectory is then propagated outwards in a search for compatible hits with the combinatorial track
finder (CTF) [4]. An additional search for hits is performed from the
outer boundaries of the detector and propagating inwards. Finally,
the tracks are fitted and filtered to remove those that are likely fakes.
Before starting the next iteration of the algorithm, hits that were unambiguously assigned to a track are removed from the collection to
create a smaller, cleaner collection. The first iterations usually pick
up prompt tracks, while the the following iterations find displaced
tracks or tracks with missing hits in the pixel detector, allowing the
reconstruction of conversions or nuclear interactions.
3.2.2

Vertex reconstruction

The reconstruction of the primary vertex starts from the track collection. Prompt tracks are selected based on the transverse impact
parameter, number of hits, and χ2 . They are then clustered, i. e. separated into groups forming vertex candidates. An adaptive vertex
fit [26] is performed to find the point in space that is most compatible
with the selected tracks.
The track and vertex reconstruction are intertwined as the additional information from the position of the vertex is then used to
re-estimate track momenta and parameters.
3.2.3

Muon reconstruction

Muons are not stopped inside the CMS detector and leave only a
tiny fraction of their energy in the calorimeters. The information from
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the tracking system and the muon chambers is exploited for their
reconstruction. The two systems are used independently in a first
phase, where two algorithms are used:
the global muon reconstruction , or the outside-in approach,
starts from a segment in the drift tubes or cathode strip chambers and extrapolates the seed layer by layer up to the tracker.
If a matching track is found in the tracking system, the information from both tracks is combined to improve the resolution.
the tracker muon reconstruction , or the inside-out method,
extrapolates a track from the inner system to the muon chambers. The small energy loss due to interactions with the material
of the magnets and calorimeters is taken into account, as well
as an uncertainty arising from the possibility of multiple scattering.
The recommended selection requires these two algorithms to agree,
as this improves the resolution for high-pT muons (figure 9).

Figure 9: Muon momentum resolution as a function of pT in regions with
different pseudorapidity. The blue squares are for the muon system only, the green circles for the inner tracker only, and the red
circles for the combined reconstruction

One of the most important observables for the muon candidates is
the relative isolation. It indicates the amount of energy collected in the
vicinity of the muon, by summing the contributions from the tracking
system, the ECAL and the HCAL, divided by the pT of the muon. The
sum runs over all deposits within a cone of radius ∆R = 0.3 centred
on the muon track, as illustrated in figure 10.

3.2 the reconstruction of physics objects

Figure 10: Illustration of the isolation observable.

3.2.4

Electron reconstruction

A customized track reconstruction was developed for electrons, where
the hits are fitted using a gaussian sum filter (GSF) [16], i. e. the bremsstrahlung emission is modelled by a superposition of gaussian functions. However, this more sophisticated analysis demands more CPU
power, at the order of a few hundreds milliseconds per track, and can
be run only on a limited number of seeds.
The standard strategy to seed GSF tracks, hereafter called ECALdriven seeding, heavily relies on the ability to gather into one single
supercluster the entire energy deposit of the electron. The algorithm
consists of three steps. First, cluster seeds are identified as local energy maxima above a given energy. Secondly, the seeds are grown
by connecting cells with at least one side in common with a cell already in the cluster, and with an energy in excess of a given threshold.
These thresholds are equivalent to two standard deviations of the electronic noise in the calorimeter, that is 80 MeV in the ECAL barrel, up
to 800 MeV in the HCAL. Finally cluster energies and positions are
determined from those clusters.
This implies collecting the electron and the bremsstrahlung photons
energy deposits, which leads to clusters very extended along the azimuthal direction. This approach, which is efficient for isolated and
high pT electrons has unfortunately a limited efficiency in jets because the super-cluster collects additional contributions from other
particles.
In addition to this ECAL-driven approach, the strategy developed
for the Particle Flow [10] starts from the tracks and can be explained
with two extreme examples. When the bremsstrahlung emission is negligible, the electron trajectory is determined with good precision by
the standard tracking algorithm, and the track can be reconstructed
up to the ECAL internal surface where it can be matched with the
closest cluster. The momentum of the track can then be compared
with the corresponding cluster energy, forming the E/p observable. If
it is close to unity the track is selected to be then re-reconstructed with
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the GSF algorithm. On the contrary, if the electron loses a substantial
fraction of its energy by bremsstrahlung emission, the characteristics
of the track are exploited. Indeed, either the pattern recognition manages to accommodate for the changes of curvature, and the fitted
track χ2 is usually large, or it cannot follow the electron trajectory
and the track is short. Electron tracks are then selected based on the
attempt made by the standard algorithm to reconstruct it.
The tracker-driven seeding developed for the PF reaches a 80% efficiency in the barrel with a 10% probability to select wrongly a pion,
with an acceptable CPU consumption; a more sophisticated treatment
described below is further applied to reject fakes at the final identification level. In addition, this new algorithm improves the overall
seeding efficiencies for isolated electron in CMS by 15% at 5 GeV with
respect to the standard ECAL-driven seeding.

Figure 11: An illustration of the bremsstrahlung recovery algorithm.

The procedure to collect all the calorimeter energy deposits, i. e.,
the bremsstrahlung recovery, is driven by the GSF track (figure 11). For
each tracker layer, where the material is mainly localized, a bremsstrahlung photon emission is sought by computing a straight-line extrapolation, tangent to the track, up to the ECAL. If it matches a cluster, not already linked to a track, this cluster is selected as part of the
electron. This procedure allows between 96% and 99% of the energy
deposited in the ECAL to be collected.
The relative isolation is defined with the same method already described for the muons.
The charge of the electrons can be measured in three ways:
the gsf track whose curvature in the magnetic field of the detector defines the sign of the charge of the electron.
the ctf track algorithm for the reconstruction of the tracks. It accounts for multiple scattering with Kalman filter techniques [9].
The curvature of this track is another measurement of the charge.
supercluster relative position the relative position of the track
seed and the largest deposition in the ECAL provides an indipendent estimate of the electric charge.

3.2 the reconstruction of physics objects

Requiring these three methods to agree strongly decreases the probability of a charge mismeasurement. This is particularly important for
our analysis, since the production of opposite-sign electrons is very
abundant in Standard Model processes, and the accurate identification of the charge of the electrons almost eliminates these contributions.
Electrons can also be created from the conversion of an energetic
photon. These are rejected if one of the following occurs:
at least one missing hit in the tracker. Photons are neutral, so
they usually miss hits in one or more layers.
track distance < 0.02 cm. An electron coming from a conversion
has a partner positron track. If an oppositely charged track is
found within this distance, the electron is rejected. The distance
is calculated analytically by reconstructing the two helices as
shown in figure 12
∆ cot θ < 0.02 . A geometrical variable also related to the partner
track: θ is the angle between the two tracks in the yz plane.

Figure 12: The track distance for conversion rejection is the two dimensional
distance in the xy-plane between B1 and B2. At these points, the
two tracks from the photon conversion are parallel. The distance
is defined to be negative if the two tracks overlap, and is positive
otherwise.

3.2.5

Jet reconstruction

A quark or gluon produced in the hard scattering process undergoes
hadronization due to colour confinement. Many hadrons are created,
mostly in the same direction of the original parton, because of momentum conservation. All of these collimated particles form a jet.
However there can be difficulties in collecting all the particles in a
jet:
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• two or more jets may overlap, resulting in ambiguities in the
assignment of the particles
• particles could be generated with a large momentum relative to
the original parton direction, leading to the particle not being
counted in the jet
• initial state radiation and particles from additional soft protonproton interactions may contribute with additional tracks
The anti-kT algorithm [11] is used for the jet reconstruction. In this
algorithm the distances between the particles i and j dij are defined,
as well as the distance between the ith-particle and the beam diB :
−2
dij = min(p−2
T i , pT j )

∆ij
R2

diB = p−2
Ti
Where ∆2ij = (yi − yj )2 + (ϕi − ϕj )2 , and pT i , yi and ϕi are the transverse momentum, rapidity and azimuthal angle of the ith particle;
R = 0.5 is a parameter representing a typical radius of the jet.
The algorithm then compares dij and diB iteratively:
• if dij < diB for some j, i and j are merged into the same jet
candidate
• if dij > diB for all j, then i is a jet.
After the jets have been reconstructed, the energy has to be scaled
to account for possible mismeasurements [20]. The following corrections are used in this analysis:
charged hadron subtraction: charged hadrons originating from
a secondary vertex are eliminated from the collection of particles in the jet reconstruction algorithm
level 1 correction: removes the energy coming from pile-up events.
In principle this will removes any dataset dependence on luminosity so that the following corrections are applied upon a
luminosity independent sample.
level 2 correction: makes the response independent from η, by
using correction factors determined in dijet events.
level 3 correction: makes the response independents from the
pT of the jet. The correction factors are calculated from Z/γ +
jets events.
l2l3 residual corrections: are only applied to the data, and
not to Monte Carlo samples. This fixes the small differences
between the data and Monte Carlo reconstructions, in a pT and
η dependent fashion.

3.3 object selection

The same corrections can be applied to the MC and data because
of the very high quality of the simulation. The residual corrections
account for the small difference. The recommendations from [38] are
also applied, by selecting jets with:
• neutral hadron fraction < 0.99
• charged hadron fraction < 0.99
• number of constituents > 1
3.2.5.1 Jet b-tagging
The signal features two b quarks in the final state of each event. Many
techniques have been developed to identify jets originated by a b
quark. In this analysis, the combined secondary vertex algorithm [17]
is used. This sophisticated and complex tag exploits all known variables, which can distinguish b from non-b jets. Its goal is to provide
optimal b-tag performance, by combining information about impact
parameter significance, the secondary vertex and jet kinematics. The
standard loose working point of this algorithm is employed, leading
to a a probability of a light-flavour (i. e. up, down or strange) jet passing this selection to 10%, as measured on jets with pT of about 80 GeV
in QCD Monte Carlo events [21].
3.3

object selection

Signal events in our studies have a clean signature: two clean, isolated, same-sign leptons and many jets (see figure 17). To reduce the
probability of pions and other objects of being wrongly identified as
leptons further quality requirements are enforced.
3.3.1

Muon selection

The muons considered for our analysis have the following properties,
mainly concerning the quality of the reconstructed track, besides high
pT and isolation:
• pT > 30 GeV
• relative isolation < 0.20
• |η| < 2.4
• reconstructed as global and tracker muon
• at least eleven silicon hits
• transverse impact parameter < 0.02 cm
• normalized χ2 < 10
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• at least one hit in the muon system
• at least one hit in the pixel detectors
• at least two muon chambers whose track segments match
3.3.2

Electron selection

The selection of electron candidates is more complex due to the high
material budget in the CMS detector and high magnetic field. More
variables are needed to achieve good discriminating power against
fakes. The CMS collaboration studied the following variables for electron identification:
tracker-ecal matching, with ∆ϕ, ∆η and E/p between the track
reconstructed in the silicon detector and the ECAL energy deposits being compared
hadron fraction H/E, where the energy collected in the HCAL
directly behind the ECAL cluster is measured
cluster shape in η
impact parameter with respect to the primary vertex
conversion rejection with missing hits and partner track matching, as described in paragraph 3.2.4
isolation of the electron in the tracker, ECAL and HCAL
The algorithm gives as output a selection for each electron candidate
for nine defined severity levels. In this analysis, the HyperTightMC1
level is used. The efficiency and fake rate of this selection are shown
in figures 13 and 14.
Our final electron selection includes:
• pT > 30 GeV
• relative isolation < 0.15
• |η| < 2.4, also excluding the transition region from the barrel to
the endcap in the ECAL, with 1.444 < |η| < 1.566.
• HyperTightMC1 category
• conversion rejection
• transverse impact parameter < 0.02 cm
• GSF-CTF-SC charge consistency (see paragraph 3.2.4)
• ∆R > 0.1 from all muon tracks. It can happen that a muon
track matches by chance with an ECAL energy deposit. It is
particularly important for the counting of eµ events that we
remove such fakes.

3.3 object selection

Figure 13: Selection efficiency for the various working points, measured in
Z → ee and W → eν events. In this analysis the HyperTightMC1
selection (light blue squares) is used.

3.3.3

Jet selection

The jet selection has only few requirement in addition to the baseline
reconstruction described in 3.2.5:
• pT > 30 GeV
• |η| < 2.4
• ∆R > 0.3 between the jet and the selected leptons, to avoid double counting the leptons as jets.
3.3.4

Event cleanup and vertex selection

A pre-selection for the events includes some requirements on the quality of the overall reconstruction:
• the event is rejected if the fraction of high-purity tracks if less
than 1/4 in events with at least ten tracks
• at least one primary vertex, with at least four degrees of freedom and ∆z < 24 cm, ∆r < 2 cm with respect to the nominal
interaction point
• events with high levels of noise in the HCAL are removed
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Figure 14: Selection fake rate for the various working points, measured in
QCD dijet events. In this analysis the HyperTightMC1 selection
(light blue squares) is used.

3.3.5

Trigger requirements

HLT selections are also used in our analysis. Double lepton triggers
are employed with a relatively low pT threshold. The triggers used
for the three decay channels are listed in table 1.
HLT_DoubleMu7_v1,2 or
HLT_Mu13_Mu8_v2,3,4,6,7 or
HLT_Mu17_Mu8_v10,11
HLT_Ele17_CaloIdL_CaloIsoVL_Ele8_CaloIdL_CaloIsoVL_v1,2,3,4,5,6 or
HLT_Ele17_CCTT_Ele8_CCTT_v6,7,8,9,10
HLT_Mu10_Ele10_CaloIdVL_v2,3,4,or
HLT_Mu17_Ele8_CaloIdVL_v1,2,3,4,5,6,8 or
HLT_Mu17_Ele8_CaloIdT_CaloIsoVL__v4,7,8 or
HLT_Mu8_Ele17_CaloIdL_v1,2,3,4,5,6 or
HLT_Mu8_Ele17_CaloIdT_CaloIsoVL_v3,4,7,8
Table 1: List of triggers used in the analysis for the three decay channels: µµ,
ee, eµ. CCTT is short for CaloIdL_CaloIsoVL_TrkIdVL_TrkIsoVL.

3.4 datasets

3.4

datasets

This analysis used the data recorded in 2011 at the CMS detector, corresponding to an integrated luminosity of 5.0 fb−1 of proton-proton
√
collisions at a centre of mass energy of s = 7 TeV. The data is divided into runs in which the beam and detector conditions are stable.
The runs are further divided into lumisections, corresponding to about
23 s.
The CMS collaboration certifies a list of good runs based on the
conditions of the detector. This work is based on the official list of
golden runs for physics analyses.
To enable the most effective access to CMS data, the data are first
split into primary datasets (PDs). The division into PDs is done based
on the trigger decision. The datasets used in this analysis are triggered with a pair of leptons and they are shown in table 2.
Dataset

Run range

/DoubleMuon/Run2011A-May10ReReco-v1/AOD

160329-163869

/DoubleMuon/Run2011A-PromptReco-v4/AOD

165071-168437

/DoubleMuon/Run2011A-05AugReReco-v1/AOD

170053-172619

/DoubleMuon/Run2011A-PromptReco-v6/AOD

172620-175770

/DoubleMuon/Run2011B-PromptReco-v1/AOD

175832-180296

/DoubleElectron/Run2011A-May10ReReco-v1/AOD

160329-163869

/DoubleElectron/Run2011A-PromptReco-v4/AOD

165071-168437

/DoubleElectron/Run2011A-05AugReReco-v1/AOD

170053-172619

/DoubleElectron/Run2011A-PromptReco-v6/AOD

172620-175770

/DoubleElectron/Run2011B-PromptReco-v1/AOD

175832-180296

/MuEG/Run2011A-May10ReReco-v1/AOD

160329-163869

/MuEG/Run2011A-PromptReco-v4/AOD

165071-168437

/MuEG/Run2011A-05AugReReco-v1/AOD

170053-172619

/MuEG/Run2011A-PromptReco-v6/AOD

172620-175770

/MuEG/Run2011B-PromptReco-v1/AOD

175832-180296

Table 2: Data samples used for the analysis.

3.5

signal monte carlo samples

The model described in 1.5 has been implemented in the MadGraph
event generators and eight samples corresponing to values of the T5/3
mass from 400 to 750 GeV were generated. In these samples, two of
the same-sign W bosons arising from the decay of the top partners
were forced to decay leptonically. The approximate next-to-next-to-
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leading order cross sections were calculated using HATHOR [5]. The
masses, cross sections and the number of generated events for the
eight mass points are listed in table 3.
mass (GeV)

σ × BR (pb)

events

400

0.295

86205

450

0.139

86211

500

0.069

86684

550

0.036

86724

600

0.019

86965

650

0.011

87592

700

0.006

88145

750

0.004

88410

Table 3: Signal Monte Carlo samples. The branching ratio is 0.21.

3.6

background monte carlo samples

Some rare Standard Model processes also produce isolated, samesign leptons in their final state. These include the production of two
or more vector bosons, WZ, ZZ, W± W± and WWW, and the production of a top-antitop pair with an associated vector boson, tt̄W and
tt̄Z. Some of them were not available in the official productions from
the CMS Collaboration and were privately produced with the Fast
Simulation of the detector, described in paragraph 3.1.
The background samples used in this analysis are listed in table 4.
process

MC generator

σ (pb)

events

WZ+Jets

MADGRAPH

0.879

1221134

ZZ+Jets

MADGRAPH

0.076

1185188

W+ W+ +Jets

MADGRAPH

0.165

130000

W− W− +Jets

MADGRAPH

0.055

160000

WWW+Jets

MADGRAPH

0.038

1201777

tt̄W

MADGRAPH

0.169

1029608

tt̄Z

MADGRAPH

0.139

793155

Table 4: Details of the background Monte Carlo samples used for the analysis.

3.7 monte carlo pile-up reweighting

3.7

monte carlo pile-up reweighting

The pile-up in events at the LHC is constantly evolving with the increase in instantaneous luminosity at which the machine operates
(figure 15). Pile-up describes events coming from additional proton-

Figure 15: Peak instantaneous luminosity delivered by the LHC in 2011.

proton interactions. It is very unlikely to have two hard collisions
occurring at the same time, but as the luminosity goes up, the density of the protons in the interaction region increases as well, thus
giving rise to additional soft interactions between many proton pairs
in the same bunch crossing.
In addition to this effect, known as in-time pile-up, we have the
contributions from out-of-time pile-up: the design bunch spacing of
the LHC is 25 ns, faster than the read-out response for some subdetectors. It is therefore possible that the signals from particles generated in previous collisions are integrated. electronics from successive
bunch crossings.
The simulated events are usually produced before the data are collected, with a choice of the pile-up distribution covering the expected
condition, based on information from the accelerator. Therefore they
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need taking into account the measured pile-up conditions in order to
avoid a systematic bias, as shown in figure 16
entries / 1
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Figure 16: Distribution of the number of vertices in unweighted Monte Carlo
and data. The Monte Carlo samples are weighted so that the two
distributions match.

This is done by calculating a weight for every Monte Carlo event,
depending on the number of pile-up vertices. The weights are calculated so that the pile-up distribution of the Monte Carlo matches the
distribution measured in the data.

4

EVENT PRESELECTION

The experimental signature of our signal is the presence of two samesign prompt leptons and at least four jets (see figure 17).

Figure 17: Pair-production of the T5/3 , decaying into same-sign leptons and
at least four jets.

The backgrounds associated with this signal can be divided into
three categories:
two same-sign prompt leptons from rare SM processes.
opposite-sign leptons whose charge is mismeasured, leading to
a same-sign final state.
one prompt and one non-prompt lepton with the same charge
(or two non-prompt same-sign leptons). This background arises
mainly from tt̄ events where one of the leptons comes from the
decay of a b quark, but is mistaken for a prompt lepton.
In order to reject all of these background sources, the following
baseline selection is applied:
• event cleanup and trigger
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• exactly two same-sign leptons, rejecting events with three or
more leptons
• quarkonia veto, with the invariant mass of the leptons greater
than 20 GeV
• Z veto, with the invariant mass of the eeand µµ pairs not in the
76-106 GeV window. This selection is not needed for eµ events
for lepton number conservation.
• at least four jets
The event cleanup and trigger requirements are detailed in 3.3.4 and 3.3.5.
The invariant mass selections are particularly well suited to reject
events with charge misidentification, in addition to the charge consistency requirement on page 16, particularly from Z → ee decays.
Figure 19 clearly shows a peak at around the mass of the Z boson
for the double electron channel. The effect is much smaller for the
muons. The distribution of the number of jets in the signal and backgrounds (figure 18) also shows that this is a good discriminating variable against both the prompt and the tt̄ backgrounds.
WW, WWW
charge misid
TTZ, TTW
WZ, ZZ
non-prompt
T53 550 × 10

number of jets, sum

entries / 1
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Figure 18: Events with two same-sign leptons and two jets. Distribution of
the number of jets in the backgrounds and signal for the 550 GeV
mass point for the sum of the three decay channels, which are
shown separately in figure 18. The signal is amplified by factor of ten, the data-driven backgrounds for the non-prompt and
charge misidentification contributions are detailed in chapter 5.
The shaded area includes statistical and systematic uncertainties.

While the prompt same-sign background is well modelled by the
Monte Carlo, we found that a data-driven method is needed for an ac-

event preselection

WW, WWW
charge misid
TTZ, TTW
WZ, ZZ
non-prompt
T53 550 × 10

entries / 10 GeV

invariant mass of leptons, sum
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Figure 19: Events with two same-sign leptons and two jets. Distribution of
the invariant mass of the leptons in the backgrounds and signal
for the 550 GeV mass point for the sum of the three decay channels, which are shown separately in figure 46. The signal is amplified by factor of ten, the data-driven backgrounds for the nonprompt and charge misidentification contributions are detailed
in chapter 5. The shaded area includes statistical and systematic
uncertainties.

curate description of the contributions from charge misidentification
and non-prompt leptons. That is the subject of the following chapter.
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A D ATA - D R I V E N B A C K G R O U N D E S T I M AT E

In this chapter the data-driven method for estimating the backgrounds
from charge misidentification and from non-prompt leptons is described.
5.1

charge misidentification

Standard Model processes with prompt leptons of opposite charge
are very common at the LHC. They can contribute to the top partners background if the charge of one of the leptons is incorrectly
measured. For muons in the pT range considered in this analysis,
the charge misidenfication rate is extremely small (≈ 10−5 ) and their
contribution to the background is negligible [15]. The magnitude of
this contribution due to electrons can be derived from the data by
using the Z boson resonance. The fraction of misidentified leptons is
obtained by considering events with two electrons in which the invariant mass of the leptons falls inside the Z boson mass window:
76 GeV < M(``) < 106 GeV. These events must pass all cleaning and
trigger requirements and the electrons are likewise required to pass
all quality cuts, but the selection based on the number of jets. As can
be seen in the tables 5 and 6, this sample is expected to be completely
dominated by Z+jets.
total

tt̄

Z+jets

W+jets

WZ

ZZ

tt̄ W

tt̄ Z

in Z window

9.3·105

644

9.3·105

35

205

46.2

1.89

8.62

same-sign

1090

1.84

1050

9.97

8.9

1.02

0.62

0.20

Table 5: Expected event yields within the Z invariant mass window
(76 GeV < M(``) < 106 GeV) for the background contributions. The
backgrounds not shown yield negligible contributions to this phase
space region.

T5/3 mass [GeV]

400

450

500

550

600

650

700

750

in Z window

22.6

9.84

4.04

1.81

0.928

0.464

0.224

0.123

same-sign

12.1

4.74

1.79

0.716

0.359

0.145

0.075

0.0345

Table 6: Expected event yields within the Z invariant mass window
(76 GeV < M(``) < 106 GeV) for the eight T5/3 signal points.
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Applying the same method to data we obtain 858330 events in the
Z mass window; 1014 events remain upon applying the same-sign
requirement. The probability of misidentifying the charge of each
lepton is computed by assuming that the entirety of the same-sign
contribution is due to misidentified Z +jets events and is found to
be 5.89 × 10−4 . To confirm that this upper limit is close to the true
probability, we consider the dilepton invariant mass spectrum shown
in Figure 20. Both the simulation and the mass spectrum suggest
that the upper limit is close to the true probability (within approximately 1% according to the simulation). We note that this estimated
charge misidentification probability is consistent with the measurement in [15].
Counts
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Figure 20: The dilepton invariant mass spectrum for electrons in data. The
opposite-sign distributions are shown in blue and the same-sign
ones are in red. Both distributions are normalized to unit area.

The number of expected same-sign events due to charge misidentification is estimated by considering the total number of events passing the full selection, but having oppositely charged leptons. These
events are multiplied by the charge misidentification probability.
5.2

same-sign non-prompt background

Non-prompt leptons are the result of the decays of heavy flavour
quarks, decays in flight or conversions. The description of this background in the Monte Carlo samples is unsatisfactory, and a datadriven estimate is needed.
The so called tight-loose method is employed. The goal of this method
is to measure the probability of a non-prompt lepton passing the anal-
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ysis selection (5.2.1) and then to calculate the expected number of
events contaminating our final sample by using this probability (5.2.4).
5.2.1

Measuring the tight-to-loose ratio

This method defines two types of leptons: a tight lepton, which is exactly the same as in 3.3.1 and 3.3.2, and a loose lepton, whose selection
criteria are relaxed as follows:
loose electron
• no transverse impact parameter requirements
• no conversion rejection
• relative isolation relaxed from 0.15 to 0.60
loose muon
• transverse impact parameter relaxed from 0.02 cm to 2 cm
• relative isolation relaxed from 0.20 to 0.40
• no requirements on the number of hits in the tracker, nor
on the number of muon chambers with matching segments
• normalized χ2 < 50 instead of 10
These selections are studied to include e. g. leptons from heavy flavour
hadrons: they are usually close to a jet, hence not isolated, and they
also have a larger impact parameter, as the hadron decays on a much
larger timescale with respect to a T5/3 or a top quark. Conversion
electrons also have to be taken into account, so that the requirement
against conversion rejection has to be eliminated as well.
The relevant quantity is the tight-to-loose ratio, representing the
probability that a non-prompt lepton is identified as tight:
f=

number of tight leptons
number of loose leptons

However, this ratio is close to the probability for a non-prompt lepton
to pass the tight selection only if it is calculated on a sample where
the prompt component is negligible. Such a sample can be built from
the SingleMu and DoubleElectron primary datasets by enforcing cuts
aiming to reject leptons from W and Z bosons:
• exactly one loose lepton in each event
• at least one jet with pT > 40 GeV and ∆R > 1 relative to the
lepton
• Emiss
< 25 GeV
T
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• mT < 25 GeV
• extended Z veto: reject the event if the invariant mass of the
lepton and any jet is in the 76-106 GeV window
The Emiss
and mT selections are meant to exclude the presence of W
T
bosons, and the Z veto now includes all the jets, as a second lepton
can be incorrectly identified as a jet.
Even with this selection, the contamination from prompt leptons
is still significant, especially in the muon case. This can be estimated
from the Monte Carlo W + jets and Z + jets samples. The results are
shown in tables 7 and 8.
loose

tight

ratio

W + jets

31.6 ± 0.21

29.3 ± 0.20

-

Z + jets

21.9 ± 0.08

20.4 ± 0.08

-

tt̄

0.7 ± 0.01

0.6 ± 0.01

-

Data

1974

274

0.138 ± 0.009

Data-MC

1919.8 ± 44.43

223.7 ± 16.55

0.117 ± 0.009

Table 7: Tight to loose ratio for electrons in the data and in the MC. The line
Data-MC subtracts from the data the prompt lepton contribution
due to W + jets, Z + jets and tt̄ from the data.

loose

tight

ratio

W + jets

4505.0 ± 26.36

4374.8 ± 25.97

-

Z + jets

604.0 ± 4.36

585.8 ± 4.29

-

tt̄

85.5 ± 1.20

80.4 ± 1.16

-

Data

33770

12170

0.360 ± 0.004

Data-MC

28575.5 ± 185.70

7129.1 ± 113.42

0.249 ± 0.004

Table 8: Tight to loose ratio for muons in the data and in the MC. The line
Data-MC subtracts from the data the prompt lepton contribution
due to W + jets, Z + jets and tt̄ from the data.

In order to avoid being directly dependent on the MC, we note that
the contamination from prompt leptons is negligible if we restrict the
pT range of the leptons to 25 GeV < pT < 35 GeV. The overlap of
this pT range with that of the signal selection in the analysis (pT >
30 GeV) is small, but when the tight-to-loose ratio is corrected for the
contribution of prompt leptons, it becomes nearly independent from
the pT (see figure 21).
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loose

tight

ratio

W + jets

7.0 ± 0.10

6.2 ± 0.09

-

Z + jets

8.1 ± 0.05

7.2 ± 0.05

-

tt̄

0.1 ± 0.00

0.1 ± 0.00

-

Data

1698

191

0.112 ± 0.009

Data-MC

1682.9 ± 41.21

177.5 ± 13.82

0.105 ± 0.009

Table 9: Tight to loose ratio for electrons in the data and in the MC with the
pT range of the electron restricted to the 25-35 GeV range. The line
Data-MC subtracts the prompt lepton contribution due to W + jets,
Z + jets and tt̄ from the data.

loose

tight

ratio

W + jets

995.1 ± 12.37

942.9 ± 12.03

-

Z + jets

355.4 ± 3.33

339.1 ± 3.25

-

tt̄

13.9 ± 0.48

11.8 ± 0.45

-

Data

40479

11536

0.285 ± 0.003

Data-MC

39114.6 ± 201.60

10242.2 ± 108.13

0.261 ± 0.003

Table 10: Tight to loose ratio for muons in the data and in the MC with the
pT range of the muon restricted to the 25-35 GeV range. The line
Data-MC subtracts the prompt lepton contribution due to W + jets,
Z + jets and tt̄ from the data.

With this pT restriction, the contributions from prompt leptons in
the MC becomes negligible (tables 9 and 10), and in the following
analysis we use only the values from the data:
fe = 0.112 ± 0.009 stat.
fµ = 0.285 ± 0.003 stat.
5.2.2

Heavy flavour content of the samples

The samples in which these ratios are measured are selected without
any requirements on the heavy flavour content. However, a large part
of the non-prompt background is expected to arise from semileptonic
tt̄. We therefore have to check that our prediction is stable with respect
to variations in the flavour content.
The b-tagging algorithm described in 3.2.5.1 is used to enrich our
samples of leptons coming from b quarks. This doesn’t change the
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values calculated in the previous section, within the statistical uncertainties:

5.2.3

fe

btag

= 0.120 ± 0.009 (stat.)

btag
fµ

= 0.280 ± 0.003 (stat.)

Prompt ratio approximation

The prompt ratio p can also be defined as the probability for a prompt
lepton to pass the tight selection. It can be studied with a tag and
probe method in Drell-Yan events where the invariant mass of the
leptons is within 10 GeV of the Z mass. This gives values close to one
for both electrons (pe = 0.92) and muons (pµ = 0.98). This efficiency
is confirmed in Monte Carlo Z and W studies.
This justifies the approximation in all of the following formulae,
where pe = pµ = 1 is assumed. This allows to simplify the calculation of the non-prompt background, as well as the treatment of the
uncertainties.
5.2.4

Calculation of the expected event yields

The measure of the non-prompt rate f` allows to make a prediction
on the number of events with non-prompt leptons contaminating our
final selection.
The idea of the method is best illustrated in the simpler case of single lepton events. The total number of leptons N` passing the loose
criteria is composed of Np prompt leptons and Nf non-prompt leptons. These numbers are not directly measurable but they can be related to the number of leptons where no lepton (Nt0 ) or one lepton
Nt1 passes the tight selection:
N` = Np + Nf = Nt0 + Nt1
Nt1 = Np + fNf
Nt0 = (1 − f)Nf
These relations can be easily inverted to obtain Np and Nf , and
mostly the number of non-prompt leptons passing the tight selection, which is the expected number of background events in our final
sample:
pass

Nf

= fNf = εNt0

Where we conveniently introduced the notation:
f
1−f
This shows that the number of non-prompt leptons passing the tight
cuts is expressed as a function of the ones failing the cuts, weighted
by ε.
ε=

5.2 same-sign non-prompt background

This approach can be generalized to our case of dilepton events, in
the hypothesis that the probabilities for the two leptons are independent. We will first assume that the leptons have the same flavour, i. e.
they are both electrons or muons.
Now the total number of events passing the loose cuts is the sum
of three contributions: Npp events with two prompt leptons, Nfp
events with one prompt and one non-prompt lepton, Nff with two
non-prompt leptons. Again, these are related to the measurable numbers of events Ntx with x = 0, 1, 2 leptons passing the tight cuts, the
remaining ones failing these cuts.
N = Nff + Nfp + Npp = Nt0 + Nt1 + Nt2
Nt0 = (1 − f)2 Nff
Nt1 = (1 − f)Nfp + 2f(1 − f)Nff
Nt2 = fNfp + f2 Nff
The matrix of these linear equations can be inverted, and again with
the same procedure illustrated for the single lepton case, we get the
number of events with one non-prompt and two non-prompt leptons
for our final selection:
pass

Nfp = εNt1 − 2ε2 Nt0
pass

Nff = ε2 Nt0
As in the single lepton case, failing leptons get a weight ε, prompt
passing leptons get a weight 1. For the mixed case of Nfp , in case
both leptons fail, each of them is weighted alternatively by ε, the
other by 1, hence the factor 2.
Finally these formulae can be extended to include the situation
where an electron and a muon are part of the same configuration.
The notation is now Npp , Nfp , Npf and Nff , where the first subscript
refers to the electron, the second one to the muon. The numbers of
events passing and failing the selections is written as Ntxy , with x
giving the number of electrons passing the tight cuts and y giving
the number for muons.
The basic equations are then:
Nt00 = (1 − fe )(1 − fµ )Nff
Nt01 = (1 − fe )Nfp + (1 − fe )fµ Nff
Nt10 = (1 − fµ )Npf + (1 − fµ )fe Nff
Nt11 = Npp + fµ Npf + fe Nfp + fe fµ Nff
From those, the number for the background expected events can be
extracted with the now familiar technique:
pass

Npf = εµ Nt10 − εe εµ Nt00
pass

Nfp = εe Nt01 − εe εµ Nt00
pass

Nff = εe εµ Nt00
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sample

event type

observed

expected

W+jets

ee

17

25.11±6.60

µµ

0

0.68±0.36

eµ

25

30.61±8.15

ee

43

70.04±15.40

µµ

33

46.45±6.48

eµ

83

114.22±24.53

tt̄

Table 11: Summary of the closure tests on Monte Carlo samples for events
with two same-sign leptons. Statistical errors only.

5.2.5

Validation on test samples

In order to make sure that the method applied for the non-prompt
leptonic background estimate is sound we have tested it on independent Monte Carlo samples. The MC generator information provides
the real non-prompt contribution to our selection. This number is
what we call the observed number of events for the purposes of this
paragraph.
The non-prompt ratio for Monte Carlo events was calculated in
QCD samples, without the selections on the Emiss
and mT , as there
T
are no vector bosons in the QCD Monte Carlo:
fe = 0.091 ± 0.017
fµ = 0.152 ± 0.002
These numbers differ from the values in the data since the MC does
not describe accurately the composition of the non-prompt events.
The main bias is introduced by the filters at the generator level.
Monte Carlo events are selected with two same-sign leptons, discarding events where both leptons are actually prompt, i. e. the decay
product of a W or Z boson. Therefore all of the dilepton events we observe after these selections have at least one non-prompt lepton. The
method just described in 5.2.4 predicts a number of expected events.
The results are summarized in Table 11. The tt̄ studies show that
the observed yields differ from the predicted by -39% for ee, -29%
for µµ and -27% for eµ. Based on these studies, we assign a 50%
systematic uncertainty on the estimation of backgrounds due to fake
leptons. This is in agreement with the studies done in reference [12].
A comparison between the observed and expected distributions for
various kinematical variables (figures 22, 23 and 24) also shows good
agreement.

Fake Rate
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Figure 21: The corrected tight-to-loose ratio, loosely speaking the fake rate,
as a function of pT for electrons (left) and muons (right). The
correction is accomplished by subtracting the MC-based W, Z
and tt̄ contributions from the data.
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T
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Figure 22: Expected and observed distributions of the pT of the leading (top)
and subleading (bottom) jet in events with two same-sign leptons
and two jets. The sum of the three decay channels is shown.
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T
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Figure 23: Expected and observed distributions of the pT of the leading (top)
and subleading (bottom) leptons in events with two same-sign
leptons and two jets. The sum of the three decay channels is
shown.
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WW, WWW
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Figure 24: Expected and observed distributions of the invariant mass of jets
(top) and leptons (bottom) in events with two same-sign leptons
and two jets. The sum of the three decay channels is shown. The
optional b-tag method for calculating the invariant mass of the jets
is described in 6.4.

6

T H E R A Z O R VA R I A B L E S

The top partners are particles with a large mass. Therefore the energy
scale of the events featuring a T5/3 is completely different with respect to Standard Model processes. Many studies have been devoted
during the course of the last years to the development of kinematical
variables that assist in the discovery of new physics [6, 30, 33, 35? ].
We now introduce the relevant variables, and discuss their application to our signal, which requires new techniques with respect to the
standard treatment of these variables.
6.1

the variable MR

The razor variables were first introduced in the searches for supersymmetric particles [1]. The simplest events in these searches feature
the pair production of two heavy supersymmetric particles. Each of
these particles decay to a SM particle, which is detected and measured, and a non-interacting lightest supersymmetric particle which escapes detection and gives rise to Emiss
(figure 25).
T

Figure 25: Simple example of a supersymmetric event, with two heavy pairproduced SUSY particles, two invisible lightest supersymmetric
particles and two visible SM particles.

In this kind of events, there is an additional, well-motivated approximation that can be made. If the mass of the heavy particle is
√
sufficiently large relative to the collider energy
s, the particles
will
√
√
be mostly produced near the threshold ŝ ≈ 2M, where ŝ is the
usual Mandelstam variable describing the hard partonic process. In
this approximation, we can move from the laboratory reference frame
to the centre-of-mass frame of the pair-produced particles by finding
the frame where the magnitude of the momenta a
~ and ~b of the visible particles are equal. This frame is called the R frame. We define the
R-frame mass MR0 as:
q
MR0 : = (a0 − b0 )2 − (az + bz )2
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Where aµ and bµ are the four momenta of the two visible particles,
as measured in the laboratory frame. This quantity is invariant under
longitudinal boosts, and has a distribution peaked at the value of the
massive particle’s mass.
It is not invariant under boosts in the transverse plane, but the
effects of the pT of the pair-produced particles can be taken into account. Introducting the notation ~vT = (vx , vy , 0) for the transverse
components of any vector ~v, m
~ for the vector representing the Emiss
T ,
the corrections in [36] can be applied:
~u : = a
~ + ~b + m
~
~v : = a
~ + ~b
M2R

6.2

1
=
2

M2R0

q
− ~uT · ~vT + MR0 M2R0 + ~u2T − 2~uT · ~vT

the transverse plane and the R variable

Traditionally, the requirements used to improve the signal to background ratio in these processes is large magnitude of the missing
transverse energy. However, by looking at the formula for MR in the
previous section, we see that there is additional kinematical information not yet used. That is, apart from the small correction for the pT
of the massive particle, the quantities in the transverse plane are not
used in the calculation of the MR variable.
We then assign half of the measured Emiss
to each escaping particle,
T
and define:
r
|m|
~
m
~
T
MR =
(|~
aT | + |~bT |) −
· (~
aT + ~bT )
2
2
This variable is an additional measurement of the scale of the process,
that uses the information independent of the MR . Finally we form the
dimensionless R variable as the ratio:
R: =

MTR
MR

For signal processes, the distribution of R peaks near 1/2 since it is the
ratio of two measurements of the same scale, while for background
events it is expected to fall after reaching a maximum for a lower
value.
The effects of the pT of the massive particle are taken into account
by using the same formula for MTR but by boosting the vectors a
~ , ~b
and m
~ by their sum a
~ + ~b + m.
~
6.3

the razor variables for the top partners

The top partner event topology is different from the mentioned supersymmetric example, as the decay chains of the pair-produced par-
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ticles are different: one of them decays into two leptons and one b-jet,
while the other one decays into many jets (figure 26). The obvious

Figure 26: Comparison of a simple supersymmetric example with the top
partner decay.

approach would be to try to build two pseudoparticles by summing
the four momenta of the decay products of each T5/3 in the event.
This was done in other SUSY searches for a variety of final states[1].
However, this does not give good results in T5/3 events for a number
of reasons:
• there is a combinatorial background given by the fact that one
of the jets belongs to one particle, and at least four jets to the
other particle
• the Emiss
is no longer equally shared by the two decay branches,
T
but should be associated to the branch containing the two leptons
• there is high-quality information from the leptons, which are
very well reconstructed at CMS. These kinematical features get
smeared by the mixing with the jets, which are more complex
and noisier objects
A new approach was sought for solving these problems, and the solution is at the same time simple, elegant and powerful. The idea is
to build a razor subsystem containing only the two leptons and the
two neutrinos. This follows exactly the basic topology outlined in 6.1
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and 6.2 for SUSY events, and the MR variable is expected to have a
peak at half the mass of the T5/3 .
The jets can then be analyzed as a hadronic system. Since this system is, in principle, completely reconstructed, we measure its invariant mass.
The hadronic invariant mass and MR in figures 27 and 28 show that
the discriminating power of these variables is already very good. The
prediction that the MR variable peaks at half the mass of the T5/3
is also confirmed. We can also see a reconstruction of the mass of
the Z boson in double electron events with charge misidentification,
again showing the robustness of this method. On the contrary, the R
variable has a very broad distribution.
WW, WWW
charge misid
TTZ, TTW
WZ, ZZ
non-prompt
T53 550 × 10

invariant mass of jets, sum

entries / 20 GeV
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Figure 27: Invariant mass of the hadronic system for the sum of the three decay channels. Events with two same-sign leptons and at least two
jets are shown. The plots for the ee, eµ, µµ channels are shown in
figure 47

6.4

event reconstruction improvement and b-tagging

One more approximation remains, that is the association of the b-jet
from the leptonic decay chain to the hadronic system. We can try to
identify this jet and add it to the leptonic system, where it belongs.
From the Monte Carlo information in the signal, we see that this jet is
usually close to the lepton from the top decay (figure 30). This simple
∆R matching fails for 2/3 of the signal events, mainly because there
are two leptons in each event and many jets. Therefore, an unrelated
jet can get close to a lepton just by chance. Moreover, the b-jet is
sometimes not reconstructed because it fails to reach the pT threshold

6.5 final event selection
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Figure 28: MR distributions for the sum of the three decay channels. Events
with two same-sign leptons and at least two jets are shown. The
plots for the ee, eµ, µµ channels are shown in figure 48

(figure 31) or it is too close to the lepton itself, thus failing the ∆R <
0.3 selection of paragraph 3.3.3.
The event reconstruction can indeed be improved with the use of
the jet b-tagging algorithm described in 3.2.5.1. If two b-tagged jets
are found in the event, the one with the minimum ∆R with respect
to one of the leptons is moved from the hadronic system to the leptonic system. The hadronic invariant mass and the razor variables are
recalculated accordingly by summing the four momentum of the bjet to the leptons, and subtracting it from the hadronic system at the
same time. If less than two b-tagged jets are found, no association is
made. The studies on the signal show that this improves the event
reconstruction for one in two events. The distributions of the invariant mass and the razor variables also show an improvement in the
background rejection (figures 32, 33 and 34).
6.5

final event selection

The razor variables of the last section have to be added to the preselection described in 4. There are three variables that can be used to select
candidate T5/3 events: the invariant mass of the jets, the MR and R
razor variables. The following selections were chosen to optimize the
ratio[34]:
F: =

ε(t)
p
a/2 + B(t)
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Figure 29: R distributions for the sum of the three decay channels. Events
with two same-sign leptons and at least two jets are shown. The
plots for the ee, eµ, µµ channels are shown in figure 49

Where ε is the efficiency of the selection t for the signal, B is the number of expected background events, and a is the number of sigmas
corresponding to a one-sided
gaussian test at significance α = 95%.
√
The commonly used S/ B figure is unsuitable for the present search,
with a very low background, as the expression breaks down for B → 0.
The ratio F is plotted in figures 35, 36 and 37.
The final event selection includes:
• the event preselection from 4, with at least four jets and invariant mass of the leptons not in the quarkonia and Z boson windows.
• invariant mass of the hadronic system greater than 350 GeV
• razor MR > 200 GeV
• razor R > 0.2
Figures 39, 40 and 38 show the distributions of the invariant mass
of the jets, MR and R with all the cuts applied, but the one on the
plotted variable.

6.5 final event selection
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Figure 30: ∆R between the b-jet and the lepton from the top decay. MC truth
from the 550 GeV mass point.
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Figure 31: Distribution of the pT of the b quark in the T5/3 decay chain.
If the quark has a low pT , it will most likely form a low-pT jet,
which would not be collected by our selections. MC truth from
the 550 GeV mass point.
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Figure 32: Invariant mass of the hadronic system for the sum of the three
decay channels, with the b-tag correction. Events with two samesign leptons and at least two jets are shown. The plots for the ee,
eµ, µµ channels are shown in figure 50
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Figure 33: MR distributions for the sum of the three decay channels, with
the b-tag correction. Events with two same-sign leptons and at
least two jets are shown. The plots for the ee, eµ, µµ channels are
shown in figure 51

6.5 final event selection
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Figure 34: R distributions for the sum of the three decay channels, with the btag correction. Events with two same-sign leptons and at least two
jets are shown. The plots for the ee, eµ, µµ channels are shown in
figure 52
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Figure 35: Optimization figure F for the invariant mass of the hadronic system. The selection on MR > 200 GeV and R > 0.2 are applied.
The point where F reaches a maximum is chosen as a cut on this
variable.
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Figure 36: Optimization figure F for the MR variable. The selection on M >
350 GeV and R > 0.2 are applied. The point where F reaches a
maximum is chosen as a cut on this variable.
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Figure 37: Optimization figure F for the R variable. The selection on M >
350 GeV and MR > 200 GeV are applied. The point where F
reaches a maximum is chosen as a cut on this variable.

6.5 final event selection
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Figure 38: Distribution of the R variable for events in the three decay channels, with the final selection applied without the selection on R.
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Figure 39: Distribution of the MR variable for events in the three decay channels, with the final selection applied without the selection on MR .
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Figure 40: Distribution of the invariant mass of the jets for events in the
three decay channels, with the final selection applied without the
selection on M(jets).

7

S Y S T E M AT I C U N C E R TA I N T I E S

Systematic uncertainties need to be taken into account because of
the imperfect knowledge of either detector effects or theory. Detector
effects include uncertainties in the trigger efficiencies, the efficiency
of the lepton reconstruction, the jet energy correction factors and pileup conditions.
Lepton reconstruction efficiencies were studied in [22]. The uncertainty on the trigger efficiency is taken to be 5%. This is a conservative
estimate based on the study of the dilepton triggers in [13]. We also
include a 2.2% uncertainty on the luminosity [23]. These systematic
uncertainties are summarized in Table 12.
7.1

monte carlo systematics

The jet energy scale (JES) and pile-up uncertainties are calculated by
varying the JES and pile-up according to the recommended recipes in
the samples for which we take the result from Monte Carlo. The JES
and pile-up uncertainties for the backgrounds are summarized in Table 13. For the signal points, we take the JES and pile-up uncertainties
to be the maximum value of these for single point. This corresponds
to 0.9% for the JES and 2% for the pile-up. Table 13 also contains the
overall normalization uncertainty for each background sample.
The WZ and ZZ normalization uncertainties are taken from [2]. For
the rare backgrounds, we assume a normalization uncertainty of 50%,
as these processes have never been observed at the LHC or have not
been measured well.
7.2

data-driven background systematics

We also include a 50% uncertainty associated with the estimation of
the non-prompt lepton background 5.2.5 and a 20% uncertainty for

effect

uncertainty (%)

electron trigger

5.0

muon trigger

5.0

lepton efficiency

3.0

luminosity

2.2

Table 12: Systematic uncertainties.
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systematic uncertainties

sample

jet energy

pile-up

normalization

WZ

5.0%

1.8%

17%

ZZ

1.1%

0.6%

7.5%

W± W±

4.5%

2.4%

50%

WWW

3.7%

0.5%

50%

tt̄W

3.4%

0.94%

50%

tt̄Z

3.7%

0.25%

50%

Table 13: Systematic uncertainties for backgrounds that are taken from
Monte Carlo.

the charge misidentification. This comes from the difference between
the expected number of events derived with the method described
in 5.1 and a more sophisticated η dependent estimate. We can see that
the charge misidentification probability depends on η (figure 41), and
is lower in the barrel with respect to the endcaps. However, given the
×10

-3

Probability of charge misidentification
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Figure 41: Charge misidentification probability as a function of the pseudorapidity η.

very small amount of events with charge misidentification passing
our selections, this contribution to the total uncertainty is small as
well. These uncertainties are summarized in table 14.
The inputs to the calculation of the limits on the T5/3 mass affected
by the systematic uncertainties are the luminosity, the uncertainty
on the signal efficiency and the uncertainty on the total background.
The latter is the largest of the three and it is completely dominated
by the 50% uncertainty associated with the estimation of the non-

7.2 data-driven background systematics

data-driven method

uncertainty

charge misid

20%

non-prompt

50%

Table 14: Systematic uncertainties for data-driven backgrounds

prompt lepton background and the normalization uncertainty on the
rare backgrounds.
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R E S U LT S

In this chapter we will extract the result from the comparisons of the
event collected in the 2011 datasets with the background estimates
described in the previous chapters. The events passing the kinematical selection are compared with expectations from Standard Model
background sources. The number of expected events from the signal
Monte Carlo is shown in table 15. The backgrounds are compared to
the observed event yields in table 16.
No significant excess over the SM expectations is observed (also see
figures 42 and 43), and we can set lower bounds on the masses of the
top partners.
WW, WWW
charge misid
TTZ, TTW
WZ, ZZ
non-prompt

entries / 20 GeV

MR with optional btag, sum

2.5

data 5.0 fb-1
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Figure 42: Distribution of the MR variable for events in the three decay channels, with the final selection applied.

Exclusion limits are computed at the 95% confidence level for an
event counting experiment [31].
8.1

calculation of the observed limit

A modified frequentist method is used at the LHC experiments [8],
known as the CLs method. The test statistic and the treatment of
nuisance parameters are described in this section.
The expected T5/3 event yields are denoted by s, the backgrounds
as b. We also introduce the usual signal strength modifier µ. The system-
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dataset

same-sign, 2 jets

preselection

razor

T53 400

211.10±10.73

151.16±7.73

54.34±2.88

T53 450

104.52±5.31

77.93±3.98

41.34±2.15

T53 500

52.76±2.68

40.09±2.04

25.61±1.32

T53 550

28.53±1.45

22.47±1.14

16.22±0.83

T53 600

15.34±0.78

12.07±0.61

9.39±0.48

T53 650

8.65±0.44

6.87±0.35

5.57±0.28

T53 700

5.00±0.25

3.98±0.20

3.37±0.17

T53 750

2.97±0.15

2.35±0.12

2.01±0.10

Table 15: Signal Monte Carlo yields for the various mass points in the three
decay channels. Statistical and systematic uncertainties are shown.

dataset

same-sign, 2 jets

preselection

razor

WW, WWW

13.28±6.67

0.88±0.45

0.28±0.14

TTZ, TTW

18.57±9.31

6.39±3.20

1.41±0.71

WZ, ZZ

34.62±6.17

1.97±0.36

0.42±0.08

total MC

66.47±13.01

9.25±3.25

2.12±0.73

charge misid

24.05±4.81

0.83±0.17

0.15±0.03

non-prompt

105.24±52.80

11.30±5.86

0.76±0.56

15

4

observed

157

Table 16: Expected backgrounds and observed yields for different cuts in
the three decay channels. Statistical and systematic uncertainties
are shown.

8.1 calculation of the observed limit
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Figure 43: Distribution of the number of jets for events in the three decay
channels, with the final selection applied.

atic uncertainties described in 7 are introduced as nuisance parameters (denoted together as θ) for the number of expected signal and
background events. They become then functions of these parameters
s(θ) and b(θ).
The systematic error probability density functions (pdf s) ρ(θ|θ̃) are
taken as gaussians. The mean of the gaussian θ̃ is the default value of
the nuisance parameter. We then re-interpret these systematic errors
pdf s as posteriors given by imaginary measurements θ̃, as in Bayes’
theorem (with flat πθ (θ) priors):
ρ(θ|θ̃) ∼ p(θ̃|θ)πθ (θ)
This point of view allows to represent all statistical errors in a frequentist context: the p(θ̃|θ) can be used in a sampling fashion to construct the test statistics, and to constrain the likelihood of the main
measurement.
The procedure for the calculation of the observed limit then includes the following steps:
1. We construct the likelihood function with a Poisson distribution:
L(data|µ, θ) =

(µs + b)n −µs−b
e
p(θ̃|θ)
n!

where data represents the actual observed event yields, or pseudoexperiments constructed by sampling distributions as discussed
below.
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2. In order to test the compatibility of the data with the background only and signal+background hypotheses we build a test
statistic q̃µ based on the profile likelihood ratio:
q̃µ = −2 log

L(data|µ, θ̂µ )
L(data|µ̂, θ̂)

With the constraint that 0 6 µ̂ 6 µ. The 0 6 µ̂ is obvious, as the
signal rate must be positive, while the upper constraint means
that fluctuations of the data such that µ̂ > µ are not considered
as evidence against the signal hypothesis. The value of θ̂µ is the
conditional maximum likelihood estimator of θ, given µ, while
the values µ̂ and θ̂ give the global maximum of the likelihood.
3. The observed value q̃obs
µ for the µ under test is calculated.
4. The values of the nuisance parameters best describing the observed data, i. e. maximizing the likelihood, are computed for
the background only and signal+background hypotheses. We
obs
denote these values as θ̂obs
0 and θ̂µ respectively.
5. Monte Carlo pseudo-experiments are made to construct pdf s
obs
f(q̃µ |θ̂obs
µ ) and f(q̃µ |θ̂0 ). Note that the nuisance parameters are
fixed for the purposes of generating these pseudo-datasets, but
are allowed to float in fits needed to evaluate the test statistic.
This gives good coverage properties [25].
6. We calculate two p-values for the b-only and s + b hypotheses:
Z∞
obs
=
1 − pb = P(q̃µ > q̃µ |b-only)
f(q̃µ |θ̂obs
0 ) dq̃µ
qobs

pµ = P(q̃µ > q̃obs
µ |s + b)

Z ∞0
=

qobs
µ

f(q̃µ |θ̂obs
µ ) dq̃µ

and CLs as the ratio of these two probabilities:
CLs =

pµ
1 − pb

7. If for µ = 1, CLs 6 5%, we state that the T5/3 is excluded with
95% confidence level. Limits calculated with this CLs method
are known to be conservative, i. e. the confidence level is actually
higher than 95%.
8.2

calculation of the expected limit

In order to calculate the expected limit and the bands corresponding
to 1 and 2σ fluctuations, we generate many background-only pseudoexperiments and calculate CLs as in the observed limit procedure.

8.3 results

Then, a cumulative probability distribution of results can be plotted, and the point at which the distribution crosses the quantile of
50% is the median expected value, to be taken as the expected limit.
The ±1σ (68%) is defined by the crossings of the 16% and 84% quantiles. Crossings at the 2.5% and 97.5% define the ±2σ band.
8.3

results

σ ⋅ BR (pb)

The event yields from the three decay channels are combined when
setting the limits. The expected and observed limits are shown in
figure 44. The expected limit is 658 GeV, the observed limit is 633 GeV.
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Figure 44: Observed and expected limits for the production cross sections of
the top partners.
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CONCLUSIONS

The search for new physics at the LHC has entered a very challenging
phase: the large amount and quality of the collected data allow to
search for many signatures of physics beyond the Standard Model.
The techniques developed in this thesis for the analysis of signal
events with the razor variables have been proven to be effective. The
kinematical properties of these variables are very general and can be
applied to a wide range of searches for new physics. It is the first
time the razor variables are shown to be an accurate estimate for the
energy scale of a process by considering only part of the decay chain,
while previous searches only included them as global, event-by-event
quantities.
This is particularly relevant for the analysis of the large amount of
data the CMS experiment has recorded in 2012, amounting to 15 fb−1 .
A more detailed event description could possibly make the difference
while looking for minute deviations from Standard Model expectations.
The analysis presented in this work is a search for heavy partners
of the top quark in same-sign dilepton events. The data collected in
2011 by the CMS experiment at a centre-of-mass energy of 7 TeV are
analysed. A counting experiment is established by selecting events
in three decay channels: ee, eµ and µµ. The Standard Model backgrounds are estimated with different Monte Carlo and data-driven
techniques.
The observed yields agree with the Standard Model prediction.
Hence, no evidence for new physics is found, and lower limits on
the mass of the top partner are set.
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dataset

same-sign, 2 jets

preselection

razor

T53 400

44.64±10.73

29.13±7.73

11.16±2.88

T53 450

22.63±5.31

15.89±3.98

8.69±2.15

T53 500

11.39±2.68

8.09±2.04

5.37±1.32

T53 550

6.16±1.45

4.67±1.14

3.43±0.83

T53 600

3.45±0.78

2.62±0.61

2.06±0.48

T53 650

1.82±0.44

1.39±0.35

1.14±0.28

T53 700

1.09±0.25

0.85±0.20

0.73±0.17

T53 750

0.67±0.15

0.53±0.12

0.45±0.10

Table 17: Signal Monte Carlo yields for the various mass points in the ee
channel. Statistical and systematic uncertainties are shown.

dataset

same-sign, 2 jets

preselection

razor

T53 400

106.55±10.73

83.71±7.73

28.84±2.88

T53 450

52.72±5.31

42.26±3.98

21.87±2.15

T53 500

26.45±2.68

21.41±2.04

13.45±1.32

T53 550

14.40±1.45

11.95±1.14

8.52±0.83

T53 600

7.61±0.78

6.21±0.61

4.80±0.48

T53 650

4.31±0.44

3.52±0.35

2.82±0.28

T53 700

2.49±0.25

2.03±0.20

1.70±0.17

T53 750

1.47±0.15

1.18±0.12

1.00±0.10

Table 18: Signal Monte Carlo yields for the various mass points in the eµ
channel. Statistical and systematic uncertainties are shown.

appendix

dataset

same-sign, 2 jets

preselection

razor

T53 400

59.91±10.73

38.32±7.73

14.35±2.88

T53 450

29.17±5.31

19.77±3.98

10.78±2.15

T53 500

14.91±2.68

10.59±2.04

6.79±1.32

T53 550

7.98±1.45

5.85±1.14

4.26±0.83

T53 600

4.29±0.78

3.24±0.61

2.53±0.48

T53 650

2.52±0.44

1.95±0.35

1.61±0.28

T53 700

1.42±0.25

1.10±0.20

0.94±0.17

T53 750

0.83±0.15

0.65±0.12

0.56±0.10

Table 19: Signal Monte Carlo yields for the various mass points in the µµ
channel. Statistical and systematic uncertainties are shown.

dataset

same-sign, 2 jets

preselection

razor

WW, WWW

2.86±6.67

0.22±0.45

0.05±0.14

TTZ, TTW

3.97±9.31

1.33±3.20

0.31±0.71

WZ, ZZ

8.57±6.17

0.41±0.36

0.09±0.08

total MC

15.40±13.01

1.95±3.25

0.45±0.73

charge misid

18.38±4.81

0.22±0.17

0.04±0.03

non-prompt

34.99±1.91

2.27±0.48

0.12±0.11

observed

77

3

2

Table 20: Expected backgrounds and observed yields for different cuts in the
ee channel. Statistical and systematic uncertainties are shown.

dataset

same-sign, 2 jets

preselection

razor

WW, WWW

6.63±6.67

0.48±0.45

0.16±0.14

TTZ, TTW

9.13±9.31

3.39±3.20

0.71±0.71

WZ, ZZ

17.45±6.17

1.12±0.36

0.19±0.08

total MC

33.21±13.01

4.99±3.25

1.07±0.73

charge misid

4.66±4.81

0.60±0.17

0.11±0.03

non-prompt

50.61±3.41

5.44±1.20

0.25±0.28

observed

48

8

2

Table 21: Expected backgrounds and observed yields for different cuts in the
eµ channel. Statistical and systematic uncertainties are shown.
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dataset

same-sign, 2 jets

preselection

razor

WW, WWW

3.78±6.67

0.18±0.45

0.07±0.14

TTZ, TTW

5.47±9.31

1.68±3.20

0.39±0.71

WZ, ZZ

8.60±6.17

0.45±0.36

0.14±0.08

total MC

17.86±13.01

2.31±3.25

0.60±0.73

charge misid

1.01±4.81

0.01±0.17

0.00±0.03

non-prompt

19.64±2.06

3.59±0.89

0.39±0.28

observed

32

4

0

Table 22: Expected backgrounds and observed yields for different cuts in the
µµ channel. Statistical and systematic uncertainties are shown.
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Figure 45: Events with two same-sign leptons and two jets. Distribution of
the number of jets in the backgrounds and signal for the 550 GeV
mass point for the three decay channels ee, eµ and µµ. The signal is amplified by factor of ten, the data-driven backgrounds for
the non-prompt and charge misidentification contributions are
detailed in chapter 5. The shaded area includes statistical and
systematic uncertainties.
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WW, WWW
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Figure 46: Events with two same-sign leptons and two jets. Distribution of
the invariant mass of the leptons in the backgrounds and signal
for the 550 GeV mass point for the three decay channels ee, eµ and
µµ. The signal is amplified by factor of ten, the data-driven backgrounds for the non-prompt and charge misidentification contributions are detailed in chapter 5. The shaded area includes statistical and systematic uncertainties.
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Figure 47: Invariant mass of the hadronic system for the three decay channels. Events with two same-sign leptons and at least two jets are
shown.
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Figure 48: MR distributions for the three decay channels. Events with two
same-sign leptons and at least two jets are shown.
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Figure 49: R distributions for the three decay channels. Events with two
same-sign leptons and at least two jets are shown.
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Figure 50: Invariant mass of the hadronic system for the three decay channels, with the b-tag correction. Events with two same-sign leptons
and at least two jets are shown.

appendix

WW, WWW
charge misid
TTZ, TTW
WZ, ZZ
non-prompt
T53 550 × 10

entries / 20 GeV

MR with optional btag, ee

50
40
30
20
10
0

0

100

200

300

400

MR GeV
WW, WWW
charge misid
TTZ, TTW
WZ, ZZ
non-prompt
T53 550 × 10

entries / 20 GeV

MR with optional btag, emu

20
15
10
5
0

0

100

200

300

400

MR GeV
WW, WWW
charge misid
TTZ, TTW
WZ, ZZ
non-prompt
T53 550 × 10

entries / 20 GeV

MR with optional btag, mumu

10
8
6
4
2
0

0

100

200

300

400

MR GeV
Figure 51: MR distributions for the three decay channels, with the b-tag correction. Events with two same-sign leptons and at least two jets
are shown.
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Figure 52: R distributions for the three decay channels, with the b-tag correction. Events with two same-sign leptons and at least two jets
are shown.
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