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Abstract
After the Higgs boson hunt, the LHC could be a powerful tool to unravel the
mystery of which exotic physics lies beyond the realm of the Standard Model.
Different new physics sectors have been postulated, among them the supersym-
metric one has gained a very popular interest. There are still other compelling
alternatives to SUSY such as composite models which we are dealing with.
We focus on the top compositeness scenario as an extension of the SM, in two
ways : first, considering a top-philic heavy Z’ boson which couples only to the
top and secondly, studying the T5/3 exotic top partner emerging from the com-
posite sector. Both have a very specific signature, tt̄tt̄ or similarly tt̄WW final
states, motivating a same-sign dilepton analysis. One needs to wait

√
s =14

TeV to have a significant number of events for the Z’ but as for now the 8 TeV
data analysis can still give useful constraints on the T5/3 mass.
Keywords
Exotic physics, Standard Model (SM), Beyond the Standard Model (BSM),
Electroweak symmetry breaking (EWSB), Top exotic partners, T5/3, Z’, com-
positeness, same-sign dilepton analysis.
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Introduction

Though the composite nature of matter and the concept of a continuum were
postulated by philosophers very early in History, physics had to wait until the
19th century to start considering atoms exist and elaborate subatomic theo-
ries. In a sense, particle physics was born in 1897 when Thomson observed the
electron - the first elementary particle to be discovered !

Timeline - (left) Evolution of accelera-
tors (Livingstone diagram) (right) Elemen-
tary particle discoveries over time.

After the quantum revolution, nuclear research opened the way towards more
and more powerful accelerators. The particle zoo was increasing each year, as
was the theoretical understanding of what was about to become the Standard
Model (SM). Meanwhile, the field underwent a profound change in the struc-
ture of research with the emergence of international collaborations, which is
in an historical perspective another grand success for mankind. As for now,
CERN is the leading research facility in hadronic physics in the world, mainly
focused on SM completion and extension. The two dedicated collaborations,
ATLAS [1] and CMS [2], are a very prolific community, analysing every piece
of data to constrain every model measuring masses, widths and other physical
properties. Impressively, the current status is that the SM is consistent with
every measurement done, as seen in figure 1 [3, 5].
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Figure 1 – (left) Main SM production cross-sections at LHC with 2011 and
2012 data (right) Precision measurements of SM parameters with 2011 data

After the events of July, 4th 2012, Moriond 2013 conference and the resulting
Nobel Prize, the SM is complete with the last piece being the Higgs boson [6].
One question remains open : as we have seen no real discrepancy in the preci-
sion measurements with 21.7 fb−1 of 8 TeV data, will the LHC see something
more after the shutdown ? The supersymmety, which postulates the existence
of a superpartner for each particle, has been searched for years (fig. 2).

Figure 2 – Summary of ATLAS constraints on direct stop production for
different decay modes using 21 fb−1 at

√
s=8 TeV

BSM physics, which tries to extend the SM and address its drawbacks, does

7



not reduce to SUSY : other models exists, forming the exotic physics. But the
limits put on exotics models [5] (see fig. 3) tend to reach high masses compared
to SM particles, which could be worrying for the future of collider physics.

Figure 3 – Combination of ATLAS mass limits for exotics studies (full data)

This master thesis consists in exploring an exotic set of SM extensions, namely
the composite models, which could be a strong alternative to SUSY. I had the
great opportunity to work on two different approaches of these models : a
phenomenological one with G. Servant at CERN PH-TH, on a generic top-
philic model which can be easily adapted to any composite model ; and an
experimental one with A-I Etienvre at CEA Saclay in the ATLAS team on a
specific top exotic partner. Their former PhD student Léa Gauthier has already
worked on this, so I took over and present here my update of her studies.

Chapter 1 is a global overview of the technical and scientific context. I
present very briefly the LHC, the ATLAS detector. Then, the objects I will
use in my analysis, what they represent and how they are produced.

Chapter 2 is a theoretical description of the models and new particles I will
study, the heavy Z’ and the T5/3. I also present the appropriate channel.

Chapters 3 and 4 describe the phenomenological study of the Z’(1 TeV) at√
s=14 TeV, respectively with the dilepton channel and the trilepton channel.
Chapter 5 is the T5/3 dilepton analysis at

√
s=8 TeV with 21.7 fb−1 data.

I present the different steps of this study which is still in progress.
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1. The LHC and ATLAS

1.1 The machines

Figure 4 – LHC at CERN

The Large Hadron Collider (LHC), the most po-
werful proton-proton collider in the world, loca-
ted at CERN, was designed to have a nominal
center of mass energy of

√
s=14 TeV, 7 TeV for

each proton. It consists in a succession of accele-
rating and storage rings which inject two proton
beams in opposite side in a 27 km long collider. It
replaces the LEP, which was an e+e− collider in
operation until 2000. The LHC took over the Te-
vatron, at Fermilab, a pp̄ collider which ran with
a nominal energy of 1.96 TeV. When its shutdown

occurred in 2011, the Higgs boson mass range was constrained by the LEP and
the Tevatron exclusion limits (between 115 and 140 GeV, or over 180 GeV) [7].

The LHC experiments consist in four detectors and their collaboration :
— ALICE [8] studies heavy ion collisions and quark-gluon plasma using

Pb nuclei at
√
s=2.76 TeV for each nucleon pair.

— LHCb [9] focuses on CP violation linked to the b quark. More generally,
it tries to observe very rare decays of B mesons.

— CMS and ATLAS [2, 1] are dedicated to the search of the Higgs boson
but also test the SM and find any BSM.

With a bunch spacing of 50 ns, about 20 million of bunch crossings occur each
second at each collision point. First, the LHC ran with a c.o.m energy of 900
GeV, then 7 TeV (2009-2011) and ultimately 8 TeV in 2012. The resulting lu-
minosity registered by ATLAS is shown in fig. 5. During the current long-shut
down, every magnet will be checked and the detectors will be upgraded so that
in 2014, the LHC will reach 13 TeV and then hopefully the nominal energy.
After the second upgrade, the instantaneous luminosity is expected to be ten
times bigger. The integrated luminosity L is a critical parameter because it is
correlated to the number of collisions (N = Lσ).

Process
√
s (TeV) σ

pp → tt̄ 14 442 pb
pp → tt̄ 7 93 pb
pp → tt̄tt̄ 14 7.5 fb
pp → tt̄tt̄ 7 0.74 fb

Table 1 – Cross-sections for tt̄
and tt̄tt̄ at

√
s =7 and 14 TeV

Table 1 shows some processes with their
cross-section at different energies. One can
see that the tt̄ pair production is very domi-
nant, indeed the LHC is said to be a "top fac-
tory". For many studies involving top quarks,
tt̄ constitutes the main background.

9



Month in Year
Jan Apr Jul

Oct

]
1

D
e
liv

e
re

d
 L

u
m

in
o
s
it
y
 [
fb

0

5

10

15

20

25

30

35

 = 7 TeVs2010 pp  

 = 7 TeVs2011 pp  

 = 8 TeVs2012 pp  

ATLAS Online Luminosity

Figure 5 – ATLAS luminosity

Instinctively, we could think that we should increase the energy endlessly to
observe even rare processes, but we are limited by the magnet technology. Also
other technical limitations arise such as the pile-up effect, which is the number
of interactions in the same collision inside the detector.

Figure 6 – Illustration of the pile-up effect

The pile-up is a real challenge as the software has to reconstruct each track
and vertex to isolate valuable events, with some uncertainties. The higher the
instantaneous luminosity gets the more pile-up we observe, as we see in fig. 7.
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(right) Pile-up evolution with time
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A quick overlook on ATLAS reveals the enormous amount of embedded detec-
tors which need to be wired, powered and monitored. With hundred thousands
of data for each collision, without a powerful reconstruction algorithm which
maps every energy deposit, electrical intensity and so on, to physical objects,
the detector would be unreadable and useless.

Figure 8 – Inner structure of the ATLAS detector

Without detailing every subarea, here are the main parts of the detector :

— the inner detector is a tracking device only for charged particles. The
surrounding magnetic field curves the trajectory which is measured and
thus gives the particle’s charge and momentum.

— the electromagnetic and hadronic calorimeters absorb the energy of the
incoming particles. The first one focuses on EM showers while the se-
cond one takes the hadronic showers.

— the muon spectrometer tracks the outgoing muons and measure their
trajectory, which is bended by a magnetic field created by the toroidal
magnets, giving again both charge and momentum.
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ATLAS uses a cylindrical coordinate system, φ and θ defined such as : x axis
points toward the center of LHC, y upwards and z being the beam axis. Thus,
we have two relations using the pseudorapidity η (η points toward the particle
scattering direction, η=0 being the transverse plane).

φ = arctan(x
y

) and η = − ln tan(θ2)

1.2. Data acquisition and processing
In order to keep only the interesting events, ATLAS has a trigger system which
reduces the interaction rate from 1 GHz to 100 Hz. The first trigger level is
directly implemented on the hardware watching the calorimeters and muons
chambers activity, while the second trigger level is a software process which
eventually sends the selected events to Tier-0 for reconstruction before being
dispatched over the Grid (fig. 9).

Figure 9 – Data processing path in ATLAS

The output of the trigger system is saved in different streams which are not
exclusive. Tier-0 reconstructs from the streams different ROOT ntuple formats
storing all the physical data and plenty of trigger informations. As the T5/3
search is both in Exotics and Top working groups, the dedicated framework
is TopRootCore, an analysis package using ROOT for such ntuples. Physics
observables such as energy, momentum, pseudorapidity, φ, θ, missing energy,
HT , errors infos are stored in ROOT trees, a very powerful structure allowing
to store and read thousands of events efficiently.
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Figure 10 – Example of the grid traffic

Working with ATLAS data requires to use different frameworks. Storing huge
datasets and processing them takes time and ressources for a tiny compu-
ting farm : to solve this, CERN has designed the worldwide LHC Grid which
connects all HEP physicists to LHC data. It is divided into "tiers" : Tier-0 is
CERN computer center, first read-out of the detectors’ data and event recons-
truction ; Tier-1 is a group of clusters (CCIN2P3 in France ; NDGF for Nordic
countries) which stores the reconstructed data and dispatches them to Tier-2
national groups (GRIF for Paris ; SNIC for Sweden), mainly institutes, where
only specific reduced datasets are locally stored for current analyses.

1.3. Objects reconstruction
With all this apparatus, the algorithm has to deduce from the calorimeters
activity and the tracking devices which particle flew through the detector.

Figure 11 – Particle recognition pattern in ATLAS
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Figure 12 – Event display including calorimeter and tracking activities

In order to reconstruct the different particles, one needs to combine the dif-
ferent sub-parts of the detectors, such as the inner tracking device and the
calorimeters. For instance, a particle would be said to be an electron if there is
a track in the inner detector and an energy cluster in the calorimeter (fig. 11).
The algorithm extrapolates the direction of the electron in the inner tracker
to the EM calorimeter before forming the optimal cluster using energy deposit
(fig. 12). For the muons, one searches for a track and a signal in the muons
spectrometer, extrapolating the first one from the last one in some cases. Both
for electrons and leptons, there are different reconstruction strategies which
gives multiple categories of reconstructed leptons. Depending on the analysis,
physicists will choose which one to use.

For the jet reconstruction, some topological clusters are formed in the calori-
meter where the energy deposit is above the background and then one of the
two leading algorithms used by ATLAS is chosen : the cone or the anti-kT
algorithms [10, 11] :

— The cone algorithm is parametrized by the cone’s radius R (typically
0.4 or 0.6). The program starts to seed initial cones from high energy
density regions and overlap them with particles until a stable cone is
found. A stable cone is then a set of particles that are within a distance
R in the y − φ plane around their center of mass.

14



— Anti-kT is a sequential algorithm. It first defines initial protojets like
before, then calculates a weight including pT and protojets relative dis-
tance, takes the minimal value and then either reconstructs a jet either
combines two protojets and loops. "Anti" in the name refers to an im-
provement of the kT algorithm which clusters the protojets around the
boosted hadrons and gives better results.

The neutrinos can be inferred by a high missing transverse momentum in the
transverse plane, as ∑ |pT | = 0.

1.4. Simulation tools
To compare the observed data to what we should expect, we need to gene-
rate events directly from the theoretical description of the SM. This is done
using Monte-Carlo generators which are probabilistic algorithms which choose
random inputs from a probability distribution over the domain we study and
compute the results for each determined input. They are used for calibrating al-
gorithms or uncertainties in experimental analyses and for prospective studies
in exotic phenomenology. MC generators perform large numbers of phase-space
integrals and provide particle data for each event. Given an exotic lagrangian
with its Feynman rules, everyone can implement a new model and generate
processes and events.

There are three steps in MC :

— Parton level (MadGraph) events describe the process in terms of
quarks, leptons and bosons only.

— Hadronization (Pythia) includes QCD : radiation in the initial and
final states and forms the hadronic showers from quarks.

— Detector level (PGS) adds detector effects to compare MC data with
experimental ones.

MadGraph output format (Les Houches events file), is a standard interface
with other MC tools. MadGraph4 [12] is a LO MC generator, in fortran, but
MadGraph5 [13], in C++, has replaced it as it is way more efficient.
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2. Composite Models in BSM

I present here the main motivations for such models. The Z’ model has been
elaborated by G. Servant [17] and the T5/3 model [15] is now getting more and
more attention as a probe of top compositeness.

2.1. The Standard Model and its drawbacks
The discovery of a SM-like Higgs boson is not the end of the story. It confirms
that the electroweak symmetry breaking (EWSB) as described as the Higgs
mechanism is accurate, but one needs to measure every coupling to the Higgs
boson to be sure that it is the SM scalar boson.

Figure 13 – Relative size of the masses of SM particles (not to scale)

The SM is a quantum field theory described by the gauge symmetry group
SU(3)c×SU(2)L×U(1)Y , where SU(3)c contains the QCD generators (gluons)
and SU(2)L × U(1)Y unifies the electroweak force, initialy formed by QED
U(1)Y (mediated by B) and the weak force (mediated by W1, W2 and W3).
As the charge is not invariant in the weak isospin space, the unificated EW force
is generated by the 4 bosons, B, W1, W2 and W3. They should be massless to
ensure the symmetry group but we observe intermediate massive bosons. The
Higgs field, as a SU(2) doublet, breaks the EW symmetry giving rise to three
Goldstone bosons and the Higgs. The three emerging bosons, being coupled
to EW bosons, mixe and create the massive intermediate bosons, the photon
staying massless as the generator of the unbroken EW gauge group (see fig.14).

17



Figure 14 – EWSB sketched by Flip Tanedo on www.quantumdiaries.org

This mathematical formalism based on Lie algebra and symmetry groups [21]
structures the SM in three categories : the matter (quarks, leptons), the in-
teractions (gauge bosons) and the Higgs boson as seen in fig.15 [20]. To each
particle corresponds an antiparticle with same mass but opposite charge.

Figure 15 – The Standard Model of particle physics in 2013

The matter consists in elementary fermions which are organised in 3 families,
or generations, sorted in increasing mass. They are divided in two groups :

Leptons(
e
νe

) (
µ
νµ

) (
τ
ντ

)
Do not interact via the strong force

Quarks(
u
d

) (
c
s

) (
t
b

)

Exist in 3 colors (QCD color charge)

The underlying mechanism is that the 3rd generation decays to the 2nd one and
eventually to the first one. Thus, the usual matter is only made of up and down
quarks and electrons ; the other particles are created in stars or colliders. Each
fermion exists in two chirality states corresponding to the two components of
the associated Dirac spinor which verifies the free lagrangian

L = Ψ̄(i/∂ −m)Ψ

with Ψ =
(
ψL
ψR

)
the Dirac spinor and m the fermion’s mass.
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The fundamental interactions unify every phenomenon which occurs at par-
ticle level and are described by a force carrier, the vector boson. If two particles
interact together, they exchange virtual bosons so the strength and the range
of a force depend on the mass of the force carrier. There are three interactions :

— the electromagnetic force (photons γ) concerns only charged par-
ticles, 100 times smaller than the strong force

— the weak force (W+, W− and Z bosons) acts on left-handed fermions
and is the only one to change its flavour. It is responsible for β decays.
108 times smaller than the strong force

— the strong force (gluons g) involves only quarks. It forms hadrons,
mesons and confines quarks into pairs. The nucleus cohesion is due to
this interaction. Gluons carries a color charge and can couple to itself.

The SM does not include the gravitation (described by the graviton) because
its strength is negligible (1038 times smaller than the strong force). SM exten-
sions like supergravity try to mix quantum field theory and general relativity
to have the 4 interactions but they have not been yet discovered experimentally.

But the SM has defects : it does not explain the neutrino oscillations and
their small mass ; there is no candidate to dark matter ; the matter-antimatter
asymmetry is not solved ; there are still free parameters which are not predic-
ted ; the strong and electroweak forces do not seem to unify at high scale ; the
hierarchy problem in the Higgs boson mass remains.

Compositeness main interest comes from theoretical connections between higher-
dimensional gravity and strongly-coupled gauge theories (AdS/CFT corres-
pondance) [31]. The composite Higgs boson would take place in the bulk of an
extra dimension model such as Randall-Sundrum [23]. The idea is to postu-
late a strong sector beyond the TeV scale where composite states are strongly
coupled. Such a strong sector is parametrized by a mass scale and a coupling
constant. If we consider that the composite states are linearly coupled to the
SM fermions, it means it should exist a basis in which the SM and composite
particles are coupled only by a mass matrix mixing ; thus, the common SM
fermions appear to be a mixing between elementary and composite states [24].

In composite models, the Higgs boson either does not exist either is a com-
posite particle from the strong sector. This means that it appears to be a
pseudo-Goldstone boson of a new symmetry breaking from the strong sector
[14]. As the top quark mass and its corresponding Yukawa coupling to the
Higgs boson are high, the composite sector would couples mostly with it ins-
tead of the first and second generation. In such case, the Higgs boson mass will
be stabilized by the contribution of the new exotic top partners [15]. Dark mat-
ter candidate, such as a heavy neutrino, can be also added to these models [16].
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2.2. Top-philic Z’ boson

Figure 16 – SM four tops events

Four top quarks final states occur in SM from the diagrams in fig. 16 and are
dominated by gluon fusion. The corresponding cross-section is about 7.5 fb at
14 TeV and can be enhanced to 30 fb with additional jets. Because of this

Figure 17 – Top-philic
resonance in tt̄tt̄ states

small SM cross section, these events are very sensi-
tive to BSM contributions. In particular, the cross
section is enhanced in models of top compositeness
(the so-called models of "top-philic" new physics").
One could consider any strong resonance such as
in fig. 17, leading to 4 top quarks final states. The
top-philic model is a generic model containing a
new vector resonance which has a strong coupling
to top quark. This is not stricto sensu a composite
model but a tool to study 4-top events as would
occur in BSM models of top compositeness.

Let us consider a new exotic resonance, a massive Z’ boson, coupled only to the
right-handed top, with a mass of 1 TeV 1, produced following fig. 18 diagrams.

Figure 18 – Resonant production diagrams for Z’

The SM lagrangian is extended to :

L = LSM −
1
4F

′

µνF
′µν +M2

Z′Z ′µZ
′µ + gtRt̄γ

µPRZ
′
µt

1. We decided not to add a dark matter candidate
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where the first term is the SM lagrangian, and the rest describes the new
strongly interacting gauge boson and its interaction with the SM top quark.
We make the additional assumption that Z’ decays only in tt̄.

This kind of model (linked to Randall-Sundrum) tends to suppress couplings
to light fermions compared to right-handed top. We consider gtR = 3, this value
is arbitrary in this generic model. Then, the width of Z’ is given by :

Γ = g2

24π .

√√√√1− 4m2
t

M2
Z′

M2
Z′ − 2m2

t

MZ′

Finally, the production cross-section for Z’ computed using MadGraph4 LO
generator is shown in fig. 19.

Figure 19 – Z’ production cross-sections at different c.o.m energies

2.3. Top exotics partners
This model is built around two blocks : the SM sector and the composite one
which includes two SU(2)L doublets as (tL, bL) exotic partners, a singlet T̃
for tR and a Higgs doublet :

Q =
[
T T5/3
B T2/3

]
, T̃ , H =

[
φ∗0 φ+

−φ− φ0

]

The two doublets in Q have respectively a hypercharge of 1/6 and 7/6. So (T ,
B) has the same quantum numbers as (tL, bL), while (T5/3, T2/3) contains an
exotic state with charge 5/3 and a top-like T2/3.
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Now, writing the full lagrangian :

L = q̄L/∂qL + t̄R/∂tR
}

Elementary sector

+ Tr(Q̄(/∂ −MQ)Q) + ¯̃T (/∂ −MT̃ )T̃
+ Y∗Tr(Q̄H)T̃ + hc

 Composite sector

+ ∆Lq̄L(T,B) + ∆Rt̄RT̃ + hc
}

Mixing

The lagrangian gives mass eigenstates in terms of mixing coefficients :

|SM> = cosφ |Elementary> + sinφ |Composite> ; with tanφL/R = ∆L/R

MQ

Concerning the T5/3, in the eigenstate basis, the relevant part is
g√
2

(sin(θT2/3,tR) ¯T5/3γ
µW+

µ tR + sin(θT2/3,tL) ¯T5/3γ
µW+

µ tL

Figure 20 – Mixing diagrams and their effective equivalents

As shown in fig. 20, the top couples to T5/3 by its T2/3 component, but it can
be modeled by an effective coupling between the top and its exotic partner.
Knowing these rules, we can present the different types of production : the T5/3
pair production is done by pure QCD and gives a tt̄W+W− final state, similar
to tt̄tt̄, while the single production is very sensitive to the T5/3-tW coupling
which parametrizes its cross-section. The corresponding Feynman diagrams
are reproduced in fig. 21.
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Figure 21 – T5/3 single and pair production

The width is then computed from the lagrangian, depending on the T5/3 mass
M and the coupling λ (T5/3-tW) :

Γ = λ2M

32π ((1+m
2
t −m2

W

M2 )(1+m
2
t + 2m2

W

M2 )−4m
2
t

M2 )×
√

1− 2m
2
t +m2

W

M2 + (m2
t −m2

W )2

M4

where λ = g√
2

( M
mW

)
√
sin2(θT2/3,tL) + sin2(θT2/3,tR)

Thus, the different cross-sections for the T5/3 single and pair productions si-
mulated with MadGraph4 are shown in fig. 22.

Figure 22 – T5/3 production cross-sections for different masses at
√
s=8 TeV
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2.4. Same-sign dilepton channel
For both models, we have only one decay channel : Z ′ → tt̄ and T5/3 → tW+.
We know that the top quark decays only in t→ bW+ (99,9%). Then, the dif-
ferent decays of the W boson are either hadronic (ud̄, us̄, ub̄, cd̄, cs̄, cb̄ = 67,6%)
either leptonic (e+νe, µ

+νµ, τ
+ντ=32,4%). Here we focus only on e and µ de-

cays.

Figure 23 – Same-sign signature for both Z ′ and T5/3 searches

The huge interest of this same-sign channel is that it suppresses the main
background tt̄ which can only form such a leptonic pair very rarely. Indeed,
the second lepton can come out from the B mesons shower before passing all
the cuts, this is called a fake event (fig. 23). What occurs also is a wrong expe-
rimental reconstruction of the lepton’s charge, thus giving same-sign leptons
from the W bosons, this is a mis-ID event (fig. 24).

Figure 24 – Mis-ID events and fakes

Additionally, for the T5/3 pair production, in this channel one can reconstruct
the exotic particle’s mass using the hadronic branch.
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3. Z’ discovery potential of the
same-sign dilepton channel

I present here the same-sign dilepton analysis for a Z’ of 1 TeV in the perspec-
tive of enlarging the study to the three leptons channel.

3.1. Samples and methodology
The MC signal samples were produced using MadGraph4 [12], then the final
states were obtained using the DECAY tool. The hadronisation (ISR/FSR)
was done under Pythia6.4 [26]. The resulting samples were in LHE format and
read in Mathematica for the analysis. I first tried to generate tt̄ + 0, 1, 2, 3
jets background with MadGraph4 but it was beyond the power of the code, so
they were produced with MadGraph5 [13] then decayed and hadronised like
the signal. The jet clustering was done with a cone algorithm (GETJET) using
a clustering radius of 0.4 and a cut on pT at 30 GeV.

I also included pp→ (Z ′)→ tt̄tt̄+1 jet to increase the statistics. I only focused
on tt̄ backgrounds 2. The cross-sections found by MadGraph are reported in
Table 2.

Process σ [fb] σ.BR(2lSS) [fb]
Signal Z’(1TeV) 61 2.6

Signal Z’(1TeV) + 1 jet 21.5 0.9
tt̄tt̄ 7.5 0.3

tt̄W+W− + 0, 1, 2 jets 450 13.7
tt̄W + 0, 1, 2, 3 jets 595 18.4

W+W−W + 0, 1, 2 jets 603 18.7
WW + 0, 1, 2, 3 jets 340 15.5

tt̄ 466 000 210
tt̄+ 1 jet 380 000 170
tt̄+ 2 jets 211 000 97
tt̄+ 3 jets 93 000 43
tt̄+ 4 jets 33 000 15

Table 2 – Signal and background production cross-sections (LO)

The reduction from hundreds of picobarns to hundreds of femtobarns is due
to a tiny charge misindentification rate. Indeed, if we only select same-sign
dilepton pairs, with MG samples we should simply have no background as the

2. I still include tt̄W +W − and tt̄W ("other") and tt̄tt̄ ("4top from SM") in my plots.
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MC generator does not include misidentification of the charge or reconstruction
of the fake leptons from the b hadronisation 3. In order to solve this, we consider
that the probability of mis-ID for a muon is 0 and for an electron around 1%.
In the facts, this error depends on η and pT but recent analyses show that 1%
is too much overestimated. Thus, the branching ratio for tt̄ in the SS dilepton
channel is :

BR(2lSS) = 4× (21.4%)2 × 1% = 1, 8× 10−3

For the signal, we can compute the branching ratio for each channel (Table 3).

Channel Branching ratio
0 lepton 21%
1 lepton 26.3%
2 leptons 12.5%

2 SS leptons 4.4%
3 leptons 2.6%
4 leptons 0.2%

Table 3 – Signal branching ratios

Eventually, we would like to use the LHC to see if the production rate of the 4
tops is what the SM predicts or if the deviation we could observe is compatible
with the presence of a Z’ resonance, and so with a strong sector. One needs to
know which mass range can be tested at 14 TeV or, reversely, at which lumi-
nosity should we observe (5σ) the Z’(1 TeV). The idea is to filter events and
make cuts on parameters so that the background is mostly cut while the signal
keeps sufficient events. To do so, we need to plot the different distributions
to find cuts. If easy cuts, like HT , jet or bjet multiplicities, are not efficient
enough, one needs to go further, looking at the invariant mass of the leptons,
or the pT of the second lepton, or the distance between jets and leptons. We
will work with L=10 fb−1.
The different numbers of generated events for each sample are given in Table 4.

Sample 2l generated 2 hard SS leptons σ (fb) σ.BR(2l) (fb)
Signal 16 003 6 007 62 2.8

Signal + j 13 776 5 290 20 0.9
tt̄ 33 328 11 025 466 000 21 000

tt̄ + 1j 33 326 11 389 380 000 17 000
tt̄ + 2j 33 323 11 776 211 000 9 700
tt̄ + 3j 19 996 7 219 93 000 4 300
tt̄ + 4j 3 355 1 251 33 000 1 500

Table 4 – Signal branching ratios

3. In this phenomenological study, we did not add detector effects like Geant4
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The huge difference between the production rate of the signal (fb) compared
to the background (pb) seems to kill any possibility to extract useful informa-
tion. After the mis-ID factor, the signal/background ratio is around 1%. Now,
let us try to reduce it further using cuts. For each event, we have kept only
hard jets (pT ≥30 GeV) and every lepton, soft or hard. First, we will have a
look at the bjet multiplicity (fig. 25), as it gives a good overlook on our strategy.
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Figure 25 – Hard b-jets multiplicity in the SS 2l channel

The first cut we could apply is Nb(b-jet) ≥ 3 which rejects about 95% of the
background for 10% of signal. The S

B
ratio becomes 20%. Now, for the jet

multiplicity in fig. 26, a good cut would be at leat 5 ou 6 jets.
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Figure 26 – Hard jets multiplicity in the SS 2l channel
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HT , the total transverse momentum, is defined by the sum of the transverse
momentum of jets and leptons with pT ≥ 30 GeV (fig. 27).
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Figure 27 – HT distribution in the SS 2l channel

The logical cut would be between 800 and 1400 GeV. Let us have a look at the
HT and njets plots for each background in fig. 28. Applying the cuts we found
will nearly suppress tt̄+0,1j and favour tt̄+3,4 j.
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Figure 28 – HT and jet multiplicity for each background
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3.2. Cuts
In order to scan the parameter space, we will try several configurations of cuts
(C1 to C15) onHT , jet and bjet multiplicities, in order to find the optimal ones.
The core cut is the b-jet one which has a very good efficiency. Once we have
applied our cuts, we rescale each number of events to a common luminosity of
10 fb−1 to estimate the significance σ = S√

B+1 .

Cut bjet jet HT Stot Btot σ
C1 2 5 500 33 751 1.2
C2 2 6 500 29 409 1.4
C3 3 6 500 27 56 3.5
C4 3 6 700 26 41 4.1
C5 3 6 800 25 33 4.4
C6 3 6 1000 22 19 5
C7 3 6 1200 17 10 5.5
C8 3 6 1300 15 7 5.4
C9 3 5 1000 25 23 5.2
C10 3 5 1200 19 11 5.7
C11 3 5 1300 16 8 5.7
C12 - 7 600 21 197 1.5
C13 - 7 700 21 174 1.6
C14 - 7 1100 16 67 2
C15 - 8 800 20 143 1.7

Table 5 – Number of passing events for different cuts configurations

Cut Stot S S+j Btot tt̄ tt̄+1j tt̄+2j tt̄+3j tt̄+4j σ
C1 33.1 24.4 8.7 751.4 56.8 202.6 256.2 139.8 96. 1.2
C2 28.8 20.8 8. 409.2 17.6 86.9 138.7 89.8 76.2 1.4
C3 26.6 19.3 7.3 56.4 1.7 10.7 19.4 13.9 10.7 3.5
C4 26.2 18.9 7.3 41.2 1. 7. 13.5 10.2 9.5 4.1
C5 25.3 18.1 7.2 32.9 0.6 5.6 10.2 8.2 8.3 4.4
C6 21.9 15.3 6.6 19. 0.1 2.4 5.8 4.7 6. 5.
C7 17.2 11.7 5.5 9.9 0.1 0.7 2.7 2.2 4.2 5.5
C8 14.6 9.8 4.8 7.2 0. 0.4 1.8 1.5 3.5 5.4
C9 24.6 17.5 7.1 22.6 0.1 3.6 7. 5.3 6.6 5.2
C10 19.2 13.3 5.9 11.2 0.1 0.9 3.1 2.5 4.6 5.7
C11 16.3 11.1 5.2 8.1 0. 0.6 2.1 1.7 3.7 5.7
C12 21.3 14.8 6.5 197.4 4.2 30.6 60.4 48.1 54.1 1.5
C13 21.1 14.6 6.5 173.9 3.3 25.9 51.6 41.9 51.2 1.6
C14 16.1 10.7 5.4 67.4 0.9 7.2 15.7 15.2 28.4 2.
C15 20.4 14. 6.4 143.3 2.3 20.4 40.5 34.5 45.6 1.7

Table 6 – Detailed passing number of events for each sample
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The numbers in Tables 5 and 6 depend on a lot of parameters during the ge-
neration and the sample size, so it may differ slightly with different samples.
It gives a good view on which cuts are efficient : C7, C10 and C11.

The best cuts are :

— number of b-jets ≥ 3
— number of jets ≥ 5 or 6
— HT ≥ 1200 or 1300

The standard value of σ = 5 is required to proclame a discovery, so we estimate
the discovery luminosity with this formula :

Ldisc = 5L
2S2 (5B +

√
25B2 + 4S2)

Thus, the discovery luminosity is about 8,5 fb−1 at 14 TeV for a Z’ of 1 TeV.

For consistency, if we want to compare this to the extensive study already
done, one should add every background as tt̄ is only about 88% of the total
background in this channel. Eventually, the discovery luminosity should raise
a little bit as the significance drops, but globally the optimal cuts are the same.

3.3. Extensions
The previous result corresponds to a specific mass (1 TeV) but also to a speci-
fic coupling (g=3). One interesting question could be the dependence of such
cuts on the coupling constant and the mass. I will focus on the impact of these
parameters on HT as they do not have any impact on the events topology.
As expected, HT shifts with a different mass (fig. 29). The saturation of the
maximum characterizes the effective theory range.

Figure 29 – HT distribution for different Z’ masses
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But if we change the coupling while keeping the mass unchanged, the Z’ width
will still change but not HT . To see a difference, we need to select specifically
the top pair coming from the Z’ and plot, for instance, their invariant mass (fig.
30) ; we will see the impact of the width, indeed. But HT does not change, the
main reason being that eventually it is impossible to know which top comes
from the Z’ killing any correlation between its width and global observables.
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Figure 30 – Invariant mass of tt̄ pair from Z’ and HT for different widths

In short, the optimized cuts stay unchanged with a different coupling. Using
the relation between the maximum of HT and the Z’ mass, one could also
reconstruct the mass. Now, we have seen that the same-sign dilepton channel
is the golden channel for such analysis, but we can try the trilepton channel
to see if it can increase the statistics.
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4. Z’ discovery potential of the
trilepton channel

4.1. Motivation
During my master thesis, I did not study the 1 lepton channel because the
former results on this channel were not promising. At L=10 fb−1, there were
126 signal events against 8217 background events, giving a significance of 1.4
and a discovery luminosity of 129 fb−1. In comparison, the SS dilepton channel
was really successful. It is legitimate to wonder if going further in the multi-
lepton channels would increase the sensibility to new physics 4. The trilepton
channel seemed compelling for one reason : while the signal amount is just half
it was for the SS dilepton, the background should be almost inexistent, as the
third lepton would not come from a W (there are only 2) but from a b-jet or
an additional jet. The probability that such a lepton would pass a kinemati-
cal cut pT ≥30 GeV seemed very little. The goal of my investigation was to
quantify the sensibility of the LHC to 4-top production in the trilepton channel.

There is still a technical issue : the MC samples generated by MadGraph4
stand-alone [12] does not include the fake leptons radiated by the B mesons
shower. As for now, the tt̄ backgrounds would not pass the 3 leptons cut. With
the help of Juan Rojo, we implemented an alternative way in order to have
these leptons. Once the tt̄ samples have been decayed, they are processed by
Pythia8 [27] and the outgoing particles are filtered so that the leptons are kept
somewhere while all the hadrons are clustered in jets by FastJet [30] using the
SISCone plugin [10]. As a result, we obtained a homemade file which includes
only jets and leptons. This is the first problem : we do not have b-tagged jets
anymore. As we know that the bjet cut was the most crucial in the SS dilepton
channel, this is rather worrying. We need to find other efficient cuts or a way
to obtain a kind of b-tagging 5.

The second problem is that the channel is now trilepton and no more same-sign
dilepton, which means that we do not rely on the small charge misidentifica-
tion rate any more. We loose the misid factor of 1% which was also very crucial.

As for the MC generation, since the trilepton channel is a very tiny subset,
one needs to generate a lot of events in MadGraph. This is because in DE-
CAY, we can only choose to decay family by family, for example, every top
quark in W electron + b quark ; or every antitop quark in W jets + bbar quark.

4. Indeed, for SUSY searches with high MET, the trilepton channel is investigated
5. Of course, using Geant4 in Athena would do it but we do not want to use a black box
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Figure 31 – WWb and Wbb events

The three leptons channel for tt̄ consists in two sub-events (fig. 31) : those
where two leptons come from the W’s and only one from the b quark (WWb)
and those where this is the opposite situation (Wbb). We naturally expect
that Wbb should occur less often than WWb. We verify it in order to focus
the MC generation only on WWb (= every t, t̄ in leptonic Ws) and reasonably
omit the Wbb generation (= every t in leptonic W and every t̄ in everything +
reverse situation). For this, we used an enormous sample to check the number
of remaining trilepton events requiring a cut on pT , see fig. 32 and 33.

Figure 32 – pT distribution of the leptons for different minimal pT cuts
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Figure 33 – Number of trilepton events for different minimal pT cuts

4.2. Cuts
If we apply a standard cut at 30 GeV, we see in fig. 33 that the ratio Wbb/WWb
is 0,05. It justifies that we focus now only on WWb events. There is an other
technical issue linked to the radiations generated by Pythia : there are also soft
leptons coming from ISR/FSR in these events so we have to cut at 30 GeV,
for example and then select only the trilepton events. Or we can select those
which have at least 3 leptons, but due to the branching ratio of the 4 leptons
channel, with the 30 GeV cut, it tends to be only trileptons.
The estimated branching ratio for the background, including Wbb, is then :

BR(≥ 3l) = 2×BR(WWb) + 2×BR(Wbb)
= 2× (BR2(W → l)×BR(b→ l) +BR(W → l)×BR2(b→ l))

= 2× ((2
9)2 ×BR(b→ l) + 2

9 ×BR
2(b→ l))

Using the Particle Data Group tables [28], we can estimate the probability of
having a lepton from B mesons to 18%, giving a branching ratio of 3.2%, which
is 100 times worse than the dilepton channel. The remaining observables are
the jets multiplicity and HT , which look very similar to the previous channel.
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Here are the different cuts we tried :

— Combined cuts on jets multiplicity and HT : max σ= 0.1

Figure 34 –HT and hard jet multiplicity distributions in the trilepton channel

— Requiring a minimum pT for the three leptons : max σ= 0.2

Figure 35 – pT distribution of the leptons in the trilepton channel
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— Requiring a minimum pT on the 3rd most energetic lepton : max σ= 0.3

Figure 36 – 3rd most energetic lepton pT distribution

— MET cut : useless

Figure 37 – MET distribution

— Using an isolation criteria for the b-jets’ leptons : due to the topology
of the final state, we did not work out a good criteria.

It is clear that both the b-jet multiplicity and the same-sign criteria are what
is missing to make this channel useful compared to the dilepton channel.

In conclusion, with the significance we obtained, in this state, the 3 lepton
channel in the absence of b-tagging gives a discovery luminosity around 200
fb−1, which is not conclusive. At the level of this simple "theorist’s analysis"
in which we do not have any b-tagging algorithm, we cannot do much better,
however, it is clear that experimentally, the 3-lepton channel will still be useful
after requiring 3 b-jets.It may be best to try to improve the 1 lepton and the
dilepton channels with BDT or optimized new criteria.
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5. T5/3 same-sign dilepton
analysis

I present here the exotic study done within ATLAS same-sign dilepton group
about T5/3. The ultimate goal is to put a limit on its mass using current data
- or announce a discovery. It follows the typical structure of any search in AT-
LAS. We did not have sufficient time to extract a mass limit, it is still under
work for a paper for the summer.

5.1. Outline and motivation
Extracting a mass limit from LHC data to constrain a model is what is com-
monly done for most BSM searches. For this, we generally focus on the predo-
minant production modes to get a result. But here, we make a joint analysis
with both pair and single productions : the pair production gives the mass
limit while the single production tunes it according to the amount of compo-
siteness due to its sensibility to mixing via the coupling constant.

The current limits with 7 TeV data are given in fig. 38 [18] 6 :

— for low compositeness, λ� 1, expected 624 GeV, observed 677 GeV.
— for normal compositeness, λ ≈ 1, expected 629 GeV, observed 681 GeV.
— for strong compositeness, λ� 1, expected 650 GeV, observed 699 GeV.

Figure 38 – 7 TeV mass limit
6. CMS has released a new limit at 770 GeV for 8 TeV using only pair production
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The two heavy fermions T5/3 and B behave slightly in the same way, with decay
modes T5/3 → tW+ and B → tW−. The only difference being their charge and
consequently the topology of the final state : for the T5/3 the same-sign pair is
on the same branch, unlike for the B.

Here, the background processes includes three types : the irreducible back-
grounds (fig. 39), the mis-ID and the fakes. The irreducible ones are those
which have exactly a same-sign dilepton final state, namely dibosons (WW ,
WZ and ZZ), ttWW, ttZ and ttW.

Figure 39 – T5/3 irreducible backgrounds

The mis-ID will be modeled by a mis-ID factor estimated with a benchmark
process (Z → e−e+) directly on the data. As for the fakes, their production
rate will also be estimated by a matrix method. I had no time to implement
these by myself, but for the official 8 TeV search (in winter) I will.

Background σ K factor
tt̄W 104 1.18

tt̄W + j 53.37 1.18
tt̄W + 2j 41.48 1.18
tt̄Z 67.69 1.34

tt̄Z + j 45.35 1.34
tt̄Z + 2j 39.77 1.34
WZ 9 750.8 1.06
ZZ 8 734.5 1.11
WW 344.42 1
tt̄WW 1.797 1

m(T5/3) Pair λ=3 λ=1
300 8 692 - -
400 1 732 483 53
500 451 231 25
600 140 114 13
700 49 60 7
800 18 32 4

Table 7 – Background and signal cross-sections (fb)
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Figure 40 – Signal and backgrounds cross-sections at
√
s =8 TeV

The signal has been generated first using PROTOS [29], a specific top events
MC generator, but the model used for the single production based on a mixing
matrix between T5/3 and the 3 generations was not easy to translate in terms
of compositeness degree (embedded in λ). So after a long debating period, we
shifted back to MadGraph4 using a model from Roberto Contino 7. In order
to validate the dataset, we needed to generate at least 100k events with a lep-
ton filter ("at least one lepton") for each mass point, then check the kinematic
variables to show that everything is okay before submitting it to the ATLAS
software for fast simulation or full simulation with Geant4. We made all the
validation process for pair production with PROTOS but the move to Mad-
Graph4 occured in May so we did not pass through the software yet.

7. Eventually, we shifted to MadGraph5 due to Pythia8 compatibility issues with the
ATLAS software, using VLQ_XTdoubletVL model from M. Buchkremer et ali.
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5.2. Cuts in TopRootCore
We apply standard cuts commonly used in every top analysis with some addi-
tional criteria. The main observables are listed in fig.41

Figure 41 – Njet, Nbjet, HT and MET distributions

I will not present the algorithm I wrote using TopRootCore, a generic fra-
mework developped for the ATLAS top working group, even though they are
what kept me busy debugging for days and weeks.
The common cutflow for same-sign dilepton analyses is the following :

— At least one primary vertex with 5 tracks
— At least one SS lepton pair with channel classification (ee, em, mm)
— Z/quarkonia veto on ee and mm SS pair : the pair invariant mass should

be over 15 GeV (quarkonia exclusion) and at least 10 GeV away from
the Z peak (91.18 GeV ; Z exclusion)

— At least 2 jets including 1 bjet
— MET≥40 GeV ; HT ≥500 GeV
— For the leptons and jets : pT ≥25 GeV
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No optimization have been done as for June on such cuts for
√
s=8 TeV data.

As explained before, no T5/3 signal have been validated due to the MC genera-
tor shift and also some bugs with Pythia using Athena in the last days of the
master thesis. A tentative of using B signal instead of T5/3 was tried as they
both have the same behaviour in pair production :

Figure 42 – Comparison between T5/3 and B distributions

Unfortunately, the analysis using B samples could not be finished before my
leaving. The remaining part of this study consists in using matrix methods
to estimate the fakes and the misid rate, including the systematics and then
extracting a limit using CLs method given the number of events. The same-
sign dilepton group is planning to release limits on heavy quarks production
for summer 2014, in a common exotic VLQ search in same-sign dilepton and
trilepton channels.
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Conclusions and Outlook

Finally, using MC tools, we found that the same-sign dilepton channel is highly
sensitive to a massive resonance which can happen in composite models, with
a discovery luminosity of 8.5 fb−1 at 14 TeV for a 1 TeV Z’. The trilepton chan-
nel would require the implementation of a b-tagging algorithm to properly cut
the background which we could not do at the level of our simplified analysis.
The T5/3 ATLAS analysis is still in progress but combining single and pair
productions will definitely improve CMS limit.

For the Z’ study, we decided to focus now on the improvement of the same-sign
dilepton. The charge mis-ID probability for electrons is actually much smaller
than 1%, therefore the dominant background is not coming from charge mis-ID
in tt̄ events but from faked leptons and rare SM events such as tt̄W .

For the T5/3 search, we are joining the 8 TeV analysis this fall as the signal is
being processed, while preparing the analysis code and checking its consistency
with the other groups. A paper combining exotic VLQ searches in the 2lSS and
3l channel is in preparation for the summer conferences.

During this 9 months long master thesis, I have been in contact with two
different communities, the theoreticians at CERN and the experimentalists
at CEA. This dual experience showed me the real difference between their
work and also how they interact together, as the weekly Collider cross-talk at
CERN showed me. Each community has its own language and method which
eventually should be taken into account to publish results that everyone can
exploit. That is why we switched to a model independant T5/3 search and used
a generic non-ATLAS Z ′ framework, so that both experimentalists and phe-
nomenologists can reinterpret them.

Time was what I lacked the most. Understanding the theory behind these mo-
dels, how a MC generator works, how to use the ATLAS software or to submit
jobs to the Grid, took a lot of time, even with the great support from other
PhD students. Even if I did not succeed to conclude both analysis in 9 months,
I am quite satisfied to have understood every step I did.
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