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Riassunto

Questa tesi di fisica sperimentale delle alte energie tratta una ricerca dedicata al meccanismo
dell’altalena con mediatori tripletti deboli di fermioni pesanti (tipo III). La ricerca é basata sui
processi dove i mediatori del modello ad altalena sono prodotti attraverso un bosone vettori-
ale carico e virtuale, e decadono in bosoni vettoriali reali e leptoni carichi standard. Gli stati
finali considerati contengono esattamente tre leptoni carichi e standard, energia trasversa man-
cante, che rivela indirettamente la presenza di neutrini standard, e jets. La somma della carica
elettrica dei tre leptoni considerata ha valore unitario, di ambo i segni. Il campione di dati anal-
izzati é stato raccolto dall’esperimento Compact Muon Solenoid (CMS) all’acceleratore Large
Hadron Collider (LHC) del CERN, in Ginevra (Svizzera), nel corso del periodo di presa dati
in collisioni protone-protone, relativo al 2012. Tale campione di dati consta di una luminositá
integrata pari a 19.7 f b−1 con energia disponibile nel centro di massa di 8 TeV. Gli algoritmi
di trigger selezionati richiedono due leptoni carichi (dileptoni) con impulso trasverso sopra le
soglie di 17 GeV e 8 GeV, rispettivamente. I contributi di fondo agli eventi di segnale proven-
gono da processi del modello standard, principalmente dibosoni, conversioni asimmetriche di
fotoni (Dalitz) e leptoni provenienti da vertici secondari (Fake). Dalitz e Fake sono stimati at-
traverso due metodi, che usano le informazioni provenienti dai dati. L’incertezza sistematica
relativa al fondo é dominante rispetto agli errori statistici. Il modello dell’altalena di tipo III é
studiato dettagliatamente nelle fasi di generazione. Il segnale é modellato attraverso una tec-
nica di simulazione Monte Carlo per diversi valori di massa dei mediatori nell’intervallo tra
140 GeV e 340 GeV. Un possibile contributo di segnale nel campione di dati analizzati é in-
vestigato con il metodo dell’esperimento taglia e conta. Non c’é evidenza statistica di segnale
rispetto al fondo previsto dal modello standard nei dati del 2012, cosı́ si conclude che nessun
indizio di nuova fisica da modello di seesaw tipo III é presente. La sensitivitá dell’analisi é stata
calcolata nell’ipotesi di solo fondo. Sono presentati i limiti superiori sulle sezioni d’urto di pro-
duzione dei mediatori nel modello dell’altalena moltiplicati per il rappporto di decadimento
nelle catene che portano stati finali con leptoni carichi. Poi, i limiti superiori sono tradotti in
limite inferiore sul valore di massa dei mediatori: il limite osservato é 240 GeV.
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Abstract

In the thesis the analysis performed for the search for seesaw mechanism with heavy fermion
weak triplets mediators (type III) is presented. The search is based on the process of seesaw me-
diators via virtual charged boson with the subsequent decay in real vector boson and standard
charged leptons. The considered final states host exactly three charged standard leptons and
missing transverse energy, which displays indirectly standard neutrinos, and jets. The investi-
gated electric charge sum of three leptons has unit value, both signs. The analyzed data sam-
ple has been recorded by the Compact Muon Solenoid (CMS) experiment at the CERN Large
Hadron Collider (LHC) in Geneva, Switzerland, during the 2012 proton-proton collisions data-
taking period. The data sample consists of a total integrated luminosity of 19.7 f b−1 at center of
mass energy 8 TeV. The selected trigger algorithms require two charged leptons (dilepton) with
transverse momentum above thresholds of 17 GeV and 8 GeV, respectively. The background
contributions to the signal events come from standard model processes, mainly involving di-
bosons, photon asymmetric conversion (Dalitz), and non prompt leptons (Fake). Dalitz and
Fake are estimated through two methods using data information. The systematic uncertainty
related to the background is dominant with respect the statistic errors. The seesaw type III
model is in details studied in generation phases. The signal is modeled through Monte Carlo
simulation technique for different mediators mass values in the range from 140 GeV to 340
GeV. A possible signal contribution in the analyzed data sample is investigated through a cut
and count experiment. There is no statistical evidence of signal respect the expected standard
model background in the 2012 pp collisions data, so no hints of new physics from seesaw type
III model is present. The sensitivity of the analysis has been calculated in the background only
hypothesis. An upper limits on the production cross sections of the seesaw mediators times the
branching ratio of the decays with three charged leptons in final states are presented. Then, the
upper limits are translated into lower limits on mediators mass value: the observed limit is 240
GeV.
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Introduction

The Standard Model (SM) of fundamental interactions [1–4] is the best description of the phe-
nomena involving elementary particles at different energy scales and it reproduces almost all
experimental physics results obtained so far at many accelerator and non-accelerator experi-
ments. SM is not a definitive theory, but it is the best effective theory in place. However, it does
not explain neutrinos masses, the gravity as unified mediated force, and it does not provide a
complete model for the violation of conjugate charge and the parity symmetry. Moreover, SM
leaves open questions concerning the dark matter in the Universe, and the so called hierarchy
and naturalness problems. Searches for physics beyond the SM (BSM) are attractive: many
theories have been developed by theoreticians and all of them need to be tested. The most
common theory BSM is the Super Symmetry (SUSY), but the field is open. The experiments
at Large Hadron Collider (LHC) explore also signatures and final states for different theories
with dedicated studies called ”exotica searches”.

In the context of ”exotica searches”, a specific search is devoted to test the possible existence
of heavy partners of neutrino, and the results are interpreted in the framework of the so called
”seesaw type III” mechanism. One of the explanations for standard neutrinos light masses - not
included in the SM - is the seesaw mechanism. The final states characterized by the presence of
three leptons and missing transverse energy and jets are investigated. As it will be discussed in
the thesis, no evidence of events above the expected backgrounds is seen. Limits on production
cross sections and mediators masses are set using 2012 data at center of mass energy 8 TeV,
collected by Compact Muon Solenoid (CMS) experiment.
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Chapter 1

The Standard Model of fundamental
interactions and its possible extensions

1.1 Standard Model
SM gives the best description of the phenomena involving elementary particles and fundamen-
tal interactions. It is a quantum field theory (QFT), which includes the Quantum Cromo Dy-
namics (QCD), describing the strong interaction, and the electroweak theory (EWK), describing
the electromagnetic and weak interactions. It is based on the gauge group:

SU(3)color,C ⊗ SU(2)weakisospin,T ⊗U(1)hypercharge,Y. (1.1)

Related to this local symmetry group, twelve gauge bosons with spin 1 arise:

• eight gluons (g) related to SU(3)C generators;

• three gauge bosons Wi related to SU(2)T generators;

• one gauge bosons B related to U(1)Y generator.

The neutral Z boson, mediator of the weak neutral current, and photon γ, mediator of the elec-
tromagnetic interaction, are linear combinations of gauge bosons W3 e B. Fermions, particles
with semi integer spin, are quarks or leptons: the former have both strong and electroweak
interactions, the latter only the electroweak. Both quarks and leptons are divided into three
families, with different masses but identical interactions. Right-handed or left-handed Weyl
spinors, with two components, describe all fermions. Although, mass terms are not present
in the Lagrangian: they would destroy the gauge symmetry. Fermions have masses only if
symmetry is broken. The Higgs mechanism, proposed in 1964 by Higgs, Englert and Brout
and others, breaks the symmetry group and gives masses to particles, preserving the possi-
ble renormalization of the theory. The mechanism introduces scalar fields as a weak isospin

doublet SU(2)T with hypercharge Y = −1
2

to leave SU(3)C ⊗U(1)Y:

Φ =
(

Φ0

Φ−

)
In the SM Lagrangian, the potential term V(Φ) is introduced in addition to the fermions and
gauge fields, kinetic and interaction terms:
L = L( f , G) + L( f , Φ) + L(G, Φ) + L(G)−V(Φ)
where f stays for fermion, G for gauge bosons, Φ for Higgs doublet. The scalar potential is:

V = µ2Φ†Φ + λ(Φ†Φ)2.
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If µ2 is negative, by definition the neutral component has vacuum expectation value not zero:

<Φ > =
(

0
v

)
∗ 1√

2

where v =

√
−µ2

λ
.

Symmetry SU(2)T ⊗ U(1)Y is broken, but symmetry U(1)em is in place. The charged vector
bosons

W± =
W1 ±W2
√

2

have mass

MW =
g2 ∗ v

2

and the linear combination of neutral bosons

Z =
1√

g2
1 + g2

2

∗ (−g2W3 + g1B)

has mass

MZ =
v ∗
√

g2
1 + g2

2

2

but the orthogonal combination

A =
1√

g2
1 + g2

2

∗ (g1W3 + g2B)

is still mass less. g1 and g2 are the coupling constants in U(1)Y and SU(2)T. The SM Higgs
scalar boson has mass M2

Higgs = −2µ2. Parameters v,g1 e g2 are related to the Fermi constant
GF and the electromagnetic constant e:

GF =
√

2 ∗ g2
2

8 ∗ M2
W

e = g2 sin θW = g1 cos θW

where the electromagnetic mixing angle, called Weinberg’s angle, is tan θW =
g1

g2
. The Wein-

berg’s angle is not fixed, but its experimental value gives an handle to test the SM. After sponta-
neous symmetry breaking the Lagrangian for the fermion fields contains: the Weinberg’s angle,
the positron electric charge, the mass less photon field, the two massive and neutral weak bo-
son fields, the quark masses. In the presence of right-handed neutrinos, the Lagrangian gives
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rise also to Dirac neutrinos masses. If neutrinos and anti neutrinos are the same particle, they
are Majorana neutrinos. In addition, there is a physical neutral Higgs scalar field H which is the
only remaining part of the doublet Φ after spontaneous symmetry breaking. In non-minimal
models there are additional charged and neutral scalar Higgs particles. The Higgs particles
discovered by ATLAS and CMS collaborations on July 4th 2012 is like H, till now. The SM has
three free parameters excluding masses. A set of those is: the fine structure constant α, deter-
mined from the electron positron anomalous magnetic moment and the quantum Hall effect,
the Fermi constant GF, determined from the muon lifetime, the Z boson mass, measured from
the Z-line shape scan at Large Electron Positron collider (LEP). The SM is a re normalizable
theory which, after proper computation of radiative corrections at leading or next-to-leading
order of the perturbation expansion, gives precise predictions on many physical observables.
Experiments tested and stressed it with many precise measurements, but no deviations are
claimed till now from its predictions. However, SM leaves open questions concerning the dark
matter in the Universe, and the so called hierarchy and naturalness.

1.2 Higgs boson
The SM of elementary particles provides a remarkably accurate description of results from
many accelerator and non-accelerator based experiments. The SM comprises quarks and lep-
tons as the building blocks of matter, and describes their interactions through the exchange of
force carriers: the photon for electromagnetic interactions, the W and Z bosons for weak in-
teractions, and the gluons for strong interactions. The electromagnetic and weak interactions
are unified in the electroweak theory. Although the prediction of the SM have been extensively
confirmed, the question of how the W and Z gauge bosons acquire mass whilst the photon
remains mass less was open till July 2012. Nearly fifty years ago it was proposed that the spon-
taneous symmetry breaking in gauge theories could be achieved through the introduction of a
scalar field. Applying this mechanism to the electroweak theory through a complex scalar dou-
blet fields leads to the generation of the W and Z masses, and the prediction of the existence
of the SM Higgs boson H. The scalar field also give mass to the fundamental fermions through
the Yukawa interaction. The mass mH of the SM Higgs boson is not predicted by theory. How-
ever, general considerations suggest that mH should be smaller than 1 TeV, while precision
electroweak measurements imply that mH < 152 GeV at 95% confidence level (CL). Over the
past twenty years, direct searches for the Higgs boson have been carried out at the LEP collider,
leading to a lower bound of mH >114.4 GeV at 95% CL, and at the Tevatron proton-antiproton
collider, excluding the mass range [162;166] GeV at 95% CL and detecting an excess of events in
the range [120;135] GeV. First direct searches at the LHC are based on data from proton-proton
collisions corresponding to an integrated luminosity of 5 fb−1 collected at the center-of-mass
energy

√
s = 7 TeV. The CMS experiment excluded at 95% CL a range of masses [127;600]

GeV. The ATLAS experiment excluded at 95 % CL the ranges [111.4;116.6], [119.4;122.1] and
[129.1;541] GeV. Within the remaining allowed mass region, an excess of events near 125 GeV
was reported by both the experiments. In 2012 the proton-proton center-of-mass energy was
increased to 8 TeV and by the end of June and additional integrated luminosity of more than
5 fb−1 had been recorded by ATLAS and CMS experiments. The Higgs boson search was per-
formed in five decay modes: H → γγ, H → ZZ, H → W+W−, H → τ+τ−, H → bb̄, in the
low-mass range from 110 to 160 GeV. In this mass range the Higgs boson production cross sec-
tion is predicted to have value between 23 (29) and 10 (14) pb at

√
s = 7 (8) TeV. The natural

width of SM Higgs boson over the same range is less than 100 MeV, so that the width of any
observed peak would be entirely dominated by instrumental mass resolution. CMS observed
an excess of events above the expected background, with a local significance of 5.0 standard
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deviations, at a mass near 125 GeV, signaling the production of a new particle. The expected
significance for a standard model Higgs boson of that mass is 5.8 standard deviations [5]. The
data samples corresponding to integrated luminosities of up to 5.1 fb−1 at 7 TeV and 5.3 fb−1

at 8 TeV. The evidence is strongest in the two final states with the best mass resolution, namely
H → γγ and H → ZZ (with Z bosons decaying to electrons or muons): a fit to these signals
gives a mass of 125.3 ± 0.4 (stat.) ± 0.5 (syst.) GeV. The decay to two photons indicates that
the new particle is a boson with spin different from one. ATLAS observed a clear evidence for
the production of a neutral boson with a measured mass of 126.0 ± 0.4 (stat.) ± 0.4 (syst.) GeV.
This observation, which has a significance of 5.9 standard deviations, corresponding to a back-
ground fluctuation probability of 1.7∗10−9, is compatible with the production and decay of the
Standard Model Higgs boson [6]. Finally, the ATLAS measurement of the mass of the newly
discovered boson using the full data set of events collected in 2011 and 2012 (corresponding to
a total integrated luminosity of ∼ 25 f b−1) is 125.5 ± 0.2 (stat.) ± 0.5 (syst.) GeV [7]. The new
boson is observed as a narrow resonance with a local significance of 6.8 standard deviations, a
measured mass of 125.6 ± 0.4 (stat.) ± 0.2 (syst.) GeV and a total width <3.4 GeV at a 95% CL
in four leptons final state at CMS [8]. The determination of the properties of the new observed
boson, such as its couplings to other particles, mass, and quantum numbers, including spin
and parity, is crucial for establishing the nature of this boson. Many channels help to reach the
goal. The pseudo scalar and spin-one boson hypotheses are excluded at a 99% CL or higher.
All tested spin-two boson hypotheses are also excluded at a 95% CL or higher [8]. In details,
the spin-parity JP = 0+ hypothesis is favored against a narrow resonance with JP = 2+ or
JP = 0− that decays to a W-boson pair. This result provides strong evidence for a Higgs-like
boson decaying to a W-boson pair [9]. The observed signal cross section times the branching
fraction to WW for H mass mH = 125.6 GeV is 0.72+0.20

−0.18 times the standard model expectation.
More data are required to determine whether all properties are compatible with predictions
from the SM, as they are till now.

1.3 Standard Model problems
To date there is no known discrepancy between the SM and the experiments. The discovered
new boson is a particle compatible with the SM Higgs, confirming the symmetry-breaking
mechanism. At moment there are no hints of non SM particles in LHC data. The great achieve-
ment of the Glashow-Weinberg-Salam model was the unification of the weak and electromag-
netic interactions, but the couplings arise from different sources. SU(2)⊗U(1) gauge group is a
product of two disconnected groups of gauge transformations and the coupling forces g and g’
are not related by the theory. Their ratio has to be measured experimentally and it is the Wein-
berg angle. A more general unifying group G contains SU(2) ⊗ U(1), and the Clebsh-Gordan
coefficients of G would predict the relationship between g and g’.

The SM is completed by the inclusion of the SU(3) color group of gauge transformations which
describes the strong interactions. This group is disconnected from the electroweak groups so
it is natural to attempt to unify the strong, the weak and the electromagnetic interactions. The
grand-unifying group must have at least four commuting generators corresponding to the third
component and the hypercharge of weak isospin and the same quantities of the color group:
it must have rank four at least. The simplest group satisfying the requirement is SU(5). In
the SU(5) the predicted value of sin2 θW is 0.205, somewhat lower than the measured value
of (0.2325 ± 0.0008). Many attempts have been made to formulate Grand Unified Theories
(GUTs), starting from the simplest model SU(5). In SU(5) it is necessary to accommodate each
generation of fermions in two multiplets. In these multiplets quarks and leptons, and quarks
and anti quarks appear on the same footing and therefore transitions between them can be in-
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duced by the appropriate gauge bosons. As in SM, the color octet of gluons induces transitions
between colored quarks, the W bosons couple to weak isospin doublets and the Z and photon
to fermion−anti fermion pairs. The new ingredients in SU(5) are the massive gauge bosons
X and Y whose existence leads to new and far reaching consequences. These gauge bosons
will induce transitions in which baryon number B and/or lepton number L are no longer con-
served. As a result, proton decay would no longer be forbidden. Neutrino-less double β decay
of nuclei should occur and, provided neutrinos have non zero mass, ∆L different from zero
transitions will give rise to neutrino oscillations in which transformations between different
neutrino species occur. GUTs predict the existence of magnetic monopoles with masses com-
parable with the grand unification scale. In the SM neutrinos are assumed to be mass-less and
exist in only one helicity state. However, there is no fundamental reason why this should be
so. Moreover, the question of neutrino mass has important implications for cosmology.

Various astronomical observations indicate that about 90% of the total gravitational mass of
the universe consists of invisible or dark matter: a component of this dark matter could be
massive neutrinos. Massive neutrinos also provide a solution to the solar neutrino problem,
the discrepancy between solar neutrino flux expected from calculations based on the standard
solar model and the experimentally observed flux of solar neutrinos. The experiments confirm
that neutrinos oscillate, so neutrinos have mass.

The cosmological problem of the existing asymmetry in the universe between matter and anti-
matter can be understood in terms of a hot big bang model of the origin of the universe and
its evolutions related to the grand-unification of interactions of particle physics. Some features
of GUTs are unsatisfactory. The most unsatisfactory one is that gravity is not included in the
unification schemes. SM of elementary particle physics depends on quantum mechanics in
an essential way: the general relativity, although a gauge theory, does not include quantum
effects, so it is difficult to insert gravity in a defined unified theory. Another problem is the
large discrepancy between aspects of the weak force and gravity. There are no explanations,
for example, why the weak force is 1032 times stronger than gravity or why the Higgs boson
is so much lighter (125 GeV) than the Planck mass (or the grand unification energy, or a heavy
neutrino mass scale) 1015 GeV. The expected large quantum contributions to the square of the
Higgs boson mass would inevitably make the mass huge, comparable to the scale at which new
physics appears, unless there is an incredible fine-tuning cancellation between the quadratic
radiative corrections and the bare mass. This is the so-called hierarchy problem.

One proposed solution is related to the super symmetry. Super symmetry explains how a tiny
Higgs mass can be protected from quantum corrections. It removes the power-law divergences
of the radiative corrections to the Higgs mass and solves the hierarchy problem as long as the
super symmetric particles are light enough (< 1 TeV). In super symmetry each point like par-
ticle is postulated to have a SUSY partner, called sparticle, with spin which differs from that
of the particle by half a unit. Except the spin, sparticle and particle have the same quantum
numbers. A new multiplicative quantum number, known as R parity, is assigned to the parti-
cles. R parity is not necessarily conserved, but it is imposed as a discrete symmetry with the
consequence that sparticles are always produced in pairs.

Other models offer solutions to the hierarchy problem, such as extra dimensions. The described
SM problems justify the existence of other theories, so experiments search direct or indirect
evidence for physics BSM. Fields to be explored are related to neutrinos, gravity, dark matter in
connection with astrophysics and cosmological measurements, Higgs mass respect the Plank
scale of unification in the hierarchical problem.
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1.4 Searches in high energy experimental physics Beyond Stan-
dard Model - SUSY

The search for SUSY is a central activity of the LHC physics program. In the framework of the
Minimal Super symmetric extension of the Standard Model (MSSM) with R-parity conserva-
tion, SUSY particles are created in pairs. At the LHC, the most copiously produced SUSY parti-
cles are expected to be the strongly interacting partners of quarks, the squarks, and the partners
of gluons, the gluinos. A comprehensive search program for the SUSY particles discovery has
been underway at the LHC, since the beginning of the data-taking process. These searches aim
for a broad range of possible final states, and the analysis are in general model independent, for
example [10, 11]. Hadronic collisions yielding three or more electrons, muons, or taus (which
define the multilepton signature) serve as an ideal final state to search for physics BSM, as
such final states are relatively rare in the SM but can be produced at high rates in new physics
scenarios involving electroweak processes with SUSY partner particles of gauge bosons and
leptons. Several exclusive final states are defined by lepton flavor content, hadronic energy,
missing transverse energy and the presence or absence of b-tagged jets. Events with several
same-sign, isolated leptons from SM processes in proton-proton collisions are extremely rare.
Searches for anomalous production of same-sign dileptons can therefore be very sensitive to
new physics contributions. The same argument can be applied to other theories like universal
extra dimensions, pair production of fermion partners of the top, heavy Majorana neutrinos
and same-sign top-pair production. Other signatures without missing transverse energy are
sensitive to SUSY models with R-parity violation (RPV) that imply an unstable lightest super
symmetric particle (LSP). SUSY processes have cross sections of the order of fb, as reported in
Figure 1.1. A summary of mass limits obtained in SUSY searches by the CMS experiments is
presented in Figure 1.2.

1.5 Searches in high energy experimental physics Beyond Stan-
dard Model - EXOTICA

Searches BSM are extended to more general exotic signatures. They are typically conceived in
the framework of extra dimensions or super symmetric scenarios. Searches for signatures from
different models are grouped by final states. The exotic searches program is wide, as the map
in Figure 1.3 shows.

A non complete list of searches is:

• search for Z’, extra dimensions, ZKK with dilepton, dijet, diphoton final states;

• search for graviton exchange, and contact interactions with dilepton, and dijet con-
tinuum modification;

• search for heavy neutrino from right-handed W and leptoquark with dileptons and
dijets;

• search for direct graviton emission and gravitino with single photon and missing
transverse energy;

• search for W’ with single lepton and missing transverse energy;

• search for technicolor or leptoquark with multileptons and multijets;

• search for top partners or seesaw mechanism particles with same-sign dileptons;

• search for microscopic black holes in large extra dimensions scenarios with high
multiplicity and high sphericity events.

8



 WGσLPCC SUSY 

https://twiki.cern.ch/twiki/bin/view/LHCPhysics/SUSYCrossSections                   arXiv:1206.2892
SUSY sparticle mass [GeV]

200 400 600 800 1000 1200 1400 1600

 S
U

SY
) 

[p
b]

→
(p

p
σ

N
L

O
(-

N
L

L
) 

-410

-310

-210

-110

1

10

g~g~

L,R
u,d,s,cq=

*q~q~

*t~t~
-

χ∼+χ∼

0χ∼±χ∼

-
l
~+

l
~

 8
Te

V
 L

H
C

 d
at

a
-1

#e
ve

nt
s 

in
 2

0 
fb

10

210

310

410

510

Figure 1.1: Theoretical cross section for selected SUSY pair production processes.

In addition, there are several data analyses which look for the existence of a fourth generation
of quarks (B2G). Finally, a number of searches are developed for signatures that involve heavy
long lived charged particles and other particles in non minimal SUSY models.

Seesaw models, postulating the existence of heavy neutrino partners, as discussed in Chapter
2, are considered in the EXOTICA context.
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Figure 1.2: Recap map of limits found in SUSY searches at CMS. The x axis is the energy scale
in GeV. Best exclusion limits for the masses of the ”mother” particles, for m(LSP) = 0 GeV (dark
shades) and m(mother) - m(LSP) = 200 GeV (light shades); for each topology, for all results.
In this plot, the lowest mass range is m(mother)=0, but results are available starting from a
certain mass depending on the analysis and topologies. Branching ratios of one are assumed,
values shown in plot are to be interpreted as upper bounds on the mass limits. The theory
uncertainties are not included.
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Chapter 2

Neutrino physics and seesaw mechanism

2.1 Theoretical introduction
The existence of neutrino particle was first postulated in 1930 by Wolfgang Pauli to preserve
the conservation of energy, momentum and angular momentum in β decay described by neu-
tron (n) decay reaction in proton (p) and electron: n → p + e− + νe. Neutrino is a fermion, an
elementary particle with spin 1/2, with no electric and color charge. Neutrinos are leptons and
interact through weak force and gravity. They are of three types or generations, corresponding
to their electron, muon, and tau weak isospin partners. Starting in the late 1960s, several ex-
periments found that the number of electron neutrinos arriving from the sun was between one
third and one half the number predicted by the Standard Solar Model (SSM), a discrepancy
which became known as the solar neutrino problem and remained unsolved for some thirty
years. The idea of neutrino flavor oscillations was first suggested by Bruno Pontecorvo in 1957
to solve the issue, and it was further developed in 1967. According to this theory neutrinos
are able to oscillate between the three available flavors while they propagate through space.
Pontecorvo’s equation gives the probability that a neutrino with energy E of flavor µ oscillate
in flavor τ traveling for distance L

Pµτ = sin2(2θ)sin2(1.27∆m2LE−1) (2.1)

The observation of neutrino flavor oscillations indicates that neutrinos have mass, the factor
∆m in the Equation 2.1 being the mass difference between neutrino generations, which is not
present in the SM. Neutrino masses could be introduced in the SM with a most conservative hy-
pothesis, idem est simply adding Dirac right-handed neutrino, with Yukawa couplings. How-
ever, a possibility is described by the seesaw mechanism, as Sections 2.3 and 2.4 will explain in
detail.

2.2 Experimental evidence of neutrinos masses
The observation of the supernova SN1987A from February 23rd 1987, the only source of neutri-
nos from supernova explosion observed till today, establishes that neutrinos have masses sum
not above 6 eV [12]. The idea that neutrinos has mass was born when they were predicted.
Fermi in 1933 studied a specific region of nuclear process in which neutrinos are emitted: there
neutrinos bring minimal kinetic energy, so neutrinos mass effect is amplified. Following the
Fermi search line, nuclear processes set limit on neutrinos masses at 2 eV. Fermi called parti-
cle neutrino as similar to other particle name neutron. The presence of neutrino explains the
continuous spectrum in β decay reactions. In 1956 Cowan and Reines discovered neutrinos in
an experiment at the nuclear fission reactor in Savannah River [13, 14]: free neutrinos induce
reactions. More stringent limits comes from cosmological studies: the sum of the three known
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neutrinos masses is below 0.6 eV [15–17]. Observations of neutrinos and anti neutrinos pro-
duced in the sun, the atmosphere, reactors, and from particle beams provide overwhelming
evidence that the flavors of neutrinos change (oscillate). The vast majority of experimental re-
sults on neutrino flavor oscillations converge towards a simple three-neutrino (3ν) framework,
where the flavor states να = (νe, νµ, ντ) mix with the massive states νi = (ν1, ν2, ν3) via three
mixing angles (θ12, θ13, θ23) and a possible CP-violating phase δ. The observed oscillation fre-
quencies are governed by two independent differences between the squared masses m2

i , which
can be defined as (δm)2 = m2

2 −m2
1 > 0 and (∆m)2 = m2

3 − (m2
1 + m2

2)/2, where (∆m)2 > 0 and
< 0 correspond to normal hierarchy (NH) and inverted hierarchy (IH), respectively. At present
five oscillation parameters are known, each one with an accuracy largely dominated by a spe-
cific class of experiments, namely: θ12 by solar data, θ13 by short-baseline (SBL) reactor data,
θ23 by atmospheric data, mainly from Super-Kamiokande (SK), (δm)2 by long-baseline reactor
data from KamLAND (KL), and (∆m)2 by long-baseline (LBL) accelerator data, mainly from
MINOS and T2K. However, the available data are not yet able to determine the mass hierarchy,
to discriminate the θ23 octant, or to discover CP-violating effects. A worldwide research pro-
gram is underway to address such open questions and the related experimental and theoretical
issues. Global neutrino data analysis, as in Reference [18], are useful to get the most restric-
tive bounds on the known parameters, via the synergy combination of results from different
classes of oscillation searches. At the same time, such analysis provide some guidance about
the unknown oscillation parameters, a successful example being represented by the hints of
sin2(θ13) ∼ 0.02, which were discussed before the discovery of θ13 > 0 at reactors. Including
new relevant data which have become available mainly in 2013 and which turn out to have
an interesting impact on the global fit results, the actual status has the recent SBL reactor data
from Daya Bay [19] and RENO [20], which reduce significantly the range of θ13, the latest pub-
lished appearance and disappearance event spectra in the LBL accelerator experiments T2K
[21, 22] and MINOS [23, 24], which not only constrain the known parameters ((∆m)2, θ23, θ13)
but, in combination with other data, provide some guidance on the θ23 octant and on leptonic
CP violation. In the light of recent (circa 2013) new results coming from reactor and accelerator
experiments, and of their interplay with solar and atmospheric data, the knowledge about 3 ν
parameters improves: a significant reduction of the θ13 uncertainties, and some changes in the
preferred ranges of ((∆m)2, θ23) are obtained. Despite of the improvements, neutrinos physics
has many open questions to be investigate with different experimental apparatus.

2.3 Seesaw mechanism and models
Explaining the origin of neutrino mass is one of the open issues in particle physics.

An appealing possibility to include the neutrino masses and accounting for their smallness
is the seesaw mechanism. The neutrinos masses are small, six or more orders of magnitude
smaller than the mass of the electron. In order to account for neutrino masses, the SM should
be extended: the discovery of neutrino oscillation can be considered as the first unambiguous
evidence for physics BSM. However, which is the correct extension of the SM is not clear at
all. As for the other fermions, an addition of a right-handed component for the neutrinos is the
simplest way to give them mass. This method requires that the Yukawa couplings are extraordi-
nary small and the assumption that lepton number is conserved, in case of Dirac and Majorana
neutrinos. The Majorana neutrinos do not conserve the lepton number. Right handed neutri-
nos are singlet under the SM gauge symmetries, then a Majorana mass term MN can be written
in the lagragian for them. Since MN is a mass parameter independent of the electroweak sym-
metry breaking (EWSB), it can be very large. In this case, it would play a crucial role to give
mass to the light neutrinos, since their smallness could be obtained even with large Yukawa
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couplings via the seesaw mechanism. The most natural explanation appears then to be the one
offered by the so-called seesaw models: new heavy particles coupling both to the lepton and
the Higgs doublets generate a small Majorana mass for the neutrinos, with the Yukawa cou-
plings suppressed with respect to the massive neutrinos couplings by a factor v/M, where v is
the Higgs vacuum expectation and M the mass of the heavy particle. For M large enough (or-
der of 1014 GeV), small neutrino masses are generated even for order O(1) Yukawa couplings.
On the other hand, if M is smaller, either smaller Yukawa couplings or an alternative suppres-
sion mechanism are required. At tree level, there are three ways of producing the Weinberg
operator, which corresponds to neutrinos mass, by exchange of heavy:

• fermion singlet (1C , 1W , Y = 0), called Type I [25–27];

• scalar weak triplet (1C , 3W , Y = 2), called Type II [28–30];

• fermion weak triplet (1C , 3W , Y = 0), called Type III [31–33].

Neutrino masses, in type I and type III, are given by:

mν = YT M−1 Y
v2

2
(2.2)

where Y is the Yukawa couplings matrix, M is the mass of the heavy partner of the neutri-
nos and v the Higgs vacuum expectation. Considering mediator masses between 100 and 200
GeV, it is clear that the neutrino masses cannot be small for the v =M suppression. The two
possibilities are:

• small Yukawa couplings, leading to small mixing angles between the mediators and
the SM fermions; values 10−6 is ”natural” in case of Majorana neutrinos, in contrast
to the 10−12 required for a Dirac mass;

• large Yukawa couplings and another suppression scale is in the neutrino formula.
This is the case of inverse seesaw [34], where neutrino masses are directly propor-
tional to a small lepton number violating scale.

In the analysis search, the first case is the one considered in seesaw type III context.

2.3.1 Seesaw with heavy fermion singlet mediator (type I)

Seesaw type I is implemented by adding three right-handed current eigenstates N′
i,R with i

=1,2,3, transforming as singlets under the SM gauge group. The Yukawa interaction for neu-
trinos is similar to the one for charged leptons. The interaction generates a mass term upon
spontaneous symmetry breaking. Since N′

i,R are SM singlets, gauge symmetry allows a Majo-
rana mass term. Then, the relevant interaction terms for heavy neutrino mass eigenstates are
obtained by diagonalizing the mass matrix and rewriting the interaction in the mass eigenstate
basis. Before LHC, direct searches for heavy Majorana neutrinos have been reported by the L3
[35] and DELPHI [36] collaborations at the Large Electron-Positron Collider. Searches are for Z
to µlN decays and set limits on |VlN |2 as a function of mN for heavy Majorana-neutrino masses
up to approximately 90 GeV. The ATLAS Collaboration at the LHC has also reported limits on
heavy Majorana neutrino production in the context of an effective Lagrangian approach and
the Left-Right Symmetric Model [37, 38]. Indirect limits on |VlN |2 have been obtained from
the non-observation of neutrino less double beta decay, resulting in 90 % confidence level (CL)
limits of |VeN |2 < 7 ∗ 10−5TeV−1. Precision electroweak measurements have been used to con-
strain the mixing parameters resulting in indirect 90 % CL limits of |VeN |2 < 0.0066, |VµN |2 <
0.0060, and |VτN |2 < 0.016. CMS search [39] follows a model-independent phenomenological
approach, with mN and VlN as free parameters, where VlN is a mixing parameter describing
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the mixing between the heavy Majorana neutrino and the SM neutrino νl of flavor l. CMS re-
ports results using a set of data of integrated luminosity 5.0 f b−1 at 7 TeV. The heavy Majorana
neutrino can decay to a lepton with positive or negative charge, leading to events containing
two leptons with the same or opposite sign. Same-sign events have much lower backgrounds
from SM processes and therefore provide an accessible signature of heavy Majorana neutrino
production. Signature is event with two isolated leptons of same sign and flavor (µ±µ± or
e±e±) and at least two accompanying jets. Contributions from SM processes to such dilep-
ton final states are very small and the background is dominated by processes such as multijet
production, in which leptons from b-quark decays or from jets are misidentified as isolated
prompt leptons. After applying all the final selections the observation is 65 events in data in
the muon channel and expect a total SM background of 70 ± 4 (stat.) ± 22 (syst.) events, with
the dominant contribution of 63 ± 4 (stat.) ± 22 (syst.) events arising from the misidentified
muon background. Thus, data are in agreement with the estimated background. In the electron
channel the observation is 201 events in data, and estimate the total SM background as 219 ± 6
(stat.) ± 62 (syst.) events, with the dominant contribution of 177 ± 5 (stat.) ± 62 (syst.) events
arising from the misidentified electron background. Again, data are in agreement with the es-
timated background. A 95 % CL exclusion limits on the square of the heavy Majorana-neutrino
mixing parameter as a function of mN , using the CLs method based on the event yields is set.
The DELPHI and L3 limits were derived from Z decay to νl N and are thus restricted to masses
below approximately 90 GeV. The CMS limits extend well beyond this mass. For mN = 90 GeV
values are |VµN |2 < 0.07 and |VeN |2 < 0.22. At mN = 210 GeV value is |VµN |2 < 0.43, while for
|VeN |2 the limit reaches 1.0 at a mass of 203 GeV.

2.3.2 Seesaw with heavy scalar weak triplet mediators (type II)

The observation of a doubly-charged scalar particle could establish the type II seesaw mecha-
nism as the most promising framework for generating neutrino masses. The minimal type II
seesaw model is realized with an additional scalar field that is a triplet under SU(2)L and car-
ries U(1)Y hypercharge Y = 2. The triplet contains a doubly-charged component ∆++ or ∆−−,
a singly-charged component ∆+ or ∆− and a neutral component ∆0. The ∆++ particle carries
double electric charge, and decays to same-sign lepton pairs l+α l+β with flavor indices α and β,
where α can be equal to or different from β.The ∆++ Yukawa coupling matrix Y∆ is proportional
to the light neutrino mass matrix. The search strategy is to look for an excess of events in one
or more flavor combinations of same-sign lepton pairs coming from the decays ∆++ → l+α l+β .
Final states containing three or four charged leptons are considered in the CMS search with
2011 data sample [40]. The first limits on the ∆++ mass were derived based on the measure-
ments done at PEP and PETRA experiments [41]. Next, the ∆++ was searched for at the MARK
II detector at SLAC [42], the H1 detector at HERA [43] and the LEP experiments [44–46]. The
more recent results are from the Tevatron [47] and ATLAS [48] experiments, which set lower
limits on the ∆++ mass between 112 and 355 GeV, depending on assumptions regarding ∆++

branching fractions, considering only the pair-production mechanism, and only a small frac-
tion of the possible final state combinations. CMS latest search added associated production
and all possible final states and significantly improved the sensitivity. Lower bounds on the
∆++ mass are established between 204 and 459 GeV in the 100% branching fraction scenarios,
and between 383 and 408 GeV for four benchmark points of the type II seesaw model.
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2.4 Seesaw with heavy fermion weak triplet mediators (type III)
In the type III seesaw model the SM is extended with the addition of fermionic weak triplets
Σi, with zero hypercharge. Then, the total Lagrangian is given by

L = LSM + LK + LY + LM

with the following terms:

• LK referred to the interactions triplets - vector bosons;

• LY referred to the interactions Higgs - triplets - leptons;

• LM referred to the Majorana mass, including interactions Left-Right forbidden in
SU(2)L.

The Lagrangian terms are briefly discussed below.

The interactions triplets - vector bosons come from the Lagrangian kinetic term

LK = i ~̄Σj · γµDµ~Σj (2.3)

with sum over j = 1,2,3 is implicit. The co-variant derivative is

Dµ = ∂µ + ig~T · ~Wµ (2.4)

Using Cartesian components and four components notation, the triplet Yukawa interaction
with lepton doublets is described by

LY = −Yij L̄′iL(~Σj ·~τ)Φ + h.c. (2.5)

with Y a 3X3 matrix, if 3 triplets are introduced. The triplet Majorana mass term is

LM = −1
2

Mij( ~̄
iΣc · ~Σj) + h.c. (2.6)

with M a 3X3 symmetric matrix, if 3 triplets are introduced. All the triplet members Σ1
j ,Σ2

j ,Σ3
j

have the same mass term. The charge eigenstates are related to the Cartesian components
according to Formula 2.7.

Σ+
j =

1√
2
(Σ1

j − iΣ2
j ), Σ0

j = Σ3
j , Σ−j =

1√
2
(Σ1

j + iΣ2
j ) (2.7)

The physical particles are charged Dirac fermions E′j and neutral Majorana fermions N′
j , where

symbol ’ indicates the weak interaction eigenstates.

E′jL = Σ+c
j , E′jR = Σ−c

j , N′
jL = Σ0c

j , N′
jR = Σ0

j , (2.8)

After spontaneous symmetry breaking the terms in Equations 2.5 and 2.6 lead to the neutrino
mass matrix

Lν,mass = −1
2
(ν̄′LN̄′

L)

(
0 v√

2
Y

v√
2
YT M

)(
ν′R
N′

R

)
+ h.c.
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The mass matrix for charged leptons, including Yukawa inverse matrix Y−1, is

Ll,mass = −(l̄′LĒ′L)

(
v√
2
Yl vY

0 M

)(
l′R
E′R

)
+ h.c.

The term with Bµ is absent because triplets have zero hypercharge. The gauge interactions in
the weak eigenstate basis can be derived. Limits on the mixing of fermionic triplets arise from
electroweak precision data [49].

The seesaw type III discovery potential at a center of mass energy of
√

s = 14 TeV is discussed in
theoretician community [32]. In 2012, a complete evaluation of the signal expected and model
framework at

√
s = 7 TeV are developed [50]. The complete Lagrangian includes SM and SU(2)

heavy fermion triplets (Σ) with Y=0. The model requires at least two triplets in order to obtain
two non vanishing neutrino masses. The search involves only the lightest triplet, which is the
easiest to be discovered. Following the assumption of one triplet, the Yukawa couplings matrix
reduces to a one row, three columns matrix, and the mass matrix is a scalar. The Yukawa
couplings phases and the PMNS matrix phases do not play role in the discovery process, so
they are neglected. The assumption of real parameters allows to write all the couplings in term
of the mixing parameters, Vα, defined by the Formula 2.9, where α labels the couplings to each
of the e, µ and τ leptons generation:

Vα =
v√
2

M−1
Σ YΣ (2.9)

In particular, given the electric charge of the lepton triplet components, Σ+, Σ0, Σ− the most
promising signal for finding a state at Mv ∼ 100 GeV is through quark-annihilation qq′ →
Σ0Σ±, followed by decays Σ0 →W± l∓ and Σ±→W± ν. The total width of the supposed heavy
leptons and their decay branching ratios to SM leptons depend on the mixing matrix element
Vα. Constraints on the mixing parameters and their products list, coming from electroweak
precision data [49], is

• |Ve| < 0.055;

• |Vµ| < 0.063;

• |Vτ| < 0.063;

• |VeVµ| < 0.00000017;

• |VeVτ| < 0.00042;

• |VµVτ| < 0.00049.

The predicted pair production cross section for the Σ states does not depend on Vα and the
production of a lepton α is proportional to the ratios of matrix elements:

bα =
|Vα|2

|Ve|2 + |Vµ|2 + |Vτ|2
. (2.10)

CMS type III seesaw search at 7 TeV [51] uses three different sets of values Vα, according to
the constraints (Vα=0.00041). Very small angles (Vα ∼ 10−12) imply seesaw mediators with a
longer life time and displaced decay vertices in the event. The mixing values Vα = 10−6 do not
produce visible displaced vertices (see Table 2.1).

The event topology, chosen in the analysis and described in Feynman’s diagrams shown in
Figure 2.1, includes charged leptons in final state. At LHC, the supposed heavy fermions come
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Table 2.1: Decay width and mean value of the decay length for different triplet masses.

Mass Total decay width (MeV) Decay length (µm)
140 1.2 10−9 380
180 3.6 10−9 104
200 5.4 10−9 65
220 7.6 10−9 43
240 10.4 10−9 29
260 15.5 10−9 22
280 17.5 10−9 16
300 22.0 10−9 12
320 27.2 10−9 9
340 33.1 10−9 7

from a virtual W boson decay. Then, Σ0 decays into W±l∓ and Σ± decays into W±ν or Zl±. If
Z boson decays hadronically or invisibly, final state has exactly three charged leptons.

Figure 2.1: Feynman diagrams with the production and the decay of the charged and neutral
heavy fermions. The Σ0 decays into W±l∓. The Σ± decays into W±ν or Zl±.

Another possible production process is qq̄ → Z∗ or γ∗ → Σ+Σ−. Following the decay chain,
the final state in this case has at least four leptons. The Σ0 via virtual Z boson or photon is not
produced because it has third isopin component and hypercharge null.

Figure 2.2 shows cross sections for Σ+ and Σ− as a function of the common triplet mass. The
values for the positive charge are about two times larger than those for the negative charge,
with a strong dependence on the mass. Figures 2.3 and 2.4 show the branching fractions (BR)
for Σ± and Σ0, respectively; the decay widths are reported in Table 2.1. Decay chain hosts W, Z
and H bosons. The BR involving H boson is the smallest one and it is neglected in the search.
The production cross sections are listed in Table 2.2.

Table 2.2: Cross section (pb) for Σ−Σ0 and Σ+Σ0 production.

Sign 140 180 200 220 240 260 280 300 320 340
- 0.0628 0.0190 0.0115 0.0073 0.0048 0.0033 0.0023 0.0016 0.0012 0.0009
+ 0.1229 0.0401 0.0252 0.0166 0.0113 0.0079 0.0057 0.0042 0.0031 0.0024

Three mixing parameters Vα are relevant to define the seesaw type III model. CMS search at 8
TeV uses the ”natural” values: Ve = Vτ = Vµ = 10−6 = Vα, called flavor democratic scenario
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Figure 2.3: Branching fractions for Σ± decays as a function of the triplet mass.
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Figure 2.4: Branching fractions for Σ0 decays as a function of the triplet mass.

(see Section 2.3). Results can be interpreted in other similar seesaw type III models, as in the
Reference [51]. A more useful re interpretation is under investigation, according to theoreti-
cians [52]. A general limit in 2D plane [VeN ;VµN] gives more information than interpretation in
many defined Vα scenarios; it shows exclusion regions in flavor mixing space for values of MΣ.
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Chapter 3

Signal and background simulation

3.1 Introduction
High Energy Physics (HEP) analysis results depend on accurate comparisons between theo-
retical expectations (backgrounds and eventually signal) and the experimental output coming
from the detector. Theoretical expectations are computed with computer simulations, based on
models. The simulation uses Monte Carlo (MC) techniques to perform simulated experiments
using random number generators for evaluating the integrals involved in the calculation. The
seesaw type III search uses MC simulations common to other CMS analyses for the SM back-
grounds and a dedicated MC simulation for the signal. The minimal seesaw type III model,
described in Section 2.4, is implemented and tested.

3.2 Physics of particle collisions
At LHC, two protons beams collide. The structure of the colliding protons is modeled using
parton distribution functions (PDFs). PDF define the probability density to find a parton (quark
or gluon) with a given longitudinal momentum fraction x at a fixed value of momentum trans-
fer Q2 of the collisions. PDFs cannot be calculated perturbatively; they are determined by fits to
data from processes such as deep inelastic scattering (DIS) and lepton pair production, called
Drell-Yan production (DY). PDFs have experimental uncertainties which lead to systematic un-
certainty on the cross section measurements of the investigated processes. The collision occurs
between partons inside each proton (”hard process”). Lagrangian matrix elements correspond-
ing to the parton interactions describe the various particles production processes and decay.
The square of matrix elements gives the probability density for the process. The computer
program used in event generation and implemented with the detector simulation includes a
tree level or leading order (LO) generators, generally dependent on the kinematic properties
of the event. Higher order effects such as next to leading order (NLO) or next to next lead-
ing order (NNLO) are introduced with a multiplicative factor, called k factor, obtained using
higher order analytic calculations. The interaction produces also parton showers, hadronizing
into collections of hadrons. The primary collision includes QCD radiation from the incoming
(Initial State Radiation ISR) and outgoing (Final State Radiation FSR) partons. ISR and FSR
depend on Q2 and, less, on the processes simulation details. The parton kinetic energy is trans-
ferred to the color field, where it produces additional partons from the vacuum. Then, partons
in the showers hadronize and build neutral color combinations, called jets. The hadronization
step is not well described in theory: it is modeled phenomenologically with the Lund string
model [53]. The remaining partons from the protons represent the so called underlying events.
They are typically soft and semi-phenomenological or perturbation models describe them. In
a single bunch crossing is possible to have interactions between several proton pairs. The ef-
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fect is called PileUp (PU). The number of proton interactions is estimated with the number of
the reconstructed primary vertices (PV). PU is simulated in the generated events by superim-
posing minimum bias events (QCD events with low transverse energy), on the events in the
nominal samples, according to the number of primary vertices distribution observed in 2012
data. Figure 3.1 shows the PU distribution for 2012 data.
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Figure 3.1: Number of Primary Vertex (PV) distribution after analysis selections, described in
Chapter 5. In the lower plot the difference between the number of events in data and MC
divided by the number of MC events is shown as function of number of primary vertex.

3.3 Event simulation chain
MC event generation proceeds in steps: implementation of the matrix element calculation for
the hard scattering, parton shower generation, underlying event and hadronization process
simulation. Different programs are typically used to perform each step of the simulation chain.
The list of the software packages used, with the corresponding reference, is:

• Feynman rules and couplings calculations, models building: FeynRules [54];

• Matrix Element (ME) calculations, hard process and decays: MADGRAPH 5 (MG)
[55];

• Parton showering, hadronization, underlying events: Pythia6 [56];

• CMS detector simulation, digitization and reconstruction: CMSSW Full Simulation
[57].

FeynRules is a Mathematica package that allows the calculation of Feynman Rules in momen-
tum space for any QFT physics model. Input parameters are related to the model description.
The information is used to calculate the set of Feynman rules associated with the Lagrangian.
The Feynman rules calculated by the code are input for MC LO generators. A set of dedicated
interfaces are in place.
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MADGRAPH requires three type of cards in text format: parameter cards coming out from
Universal FeynRules Output (UFO) models [58], process cards, and run card. The cards used
in the seesaw type III search are described in details in the Appendix B. Parameter cards are
divided in blocks needed to describe CKM matrix, particles mass, mixing scenarios, SM con-
stants, Yukawa couplings, particles decays including SM bosons, quantum number of the new
states. Process cards invoke particles definition, UFO model and processes chains. Finally, a
run card includes information about the energy, the number of events, the collisions and the
final states objects.

PYTHIA is a program for the generation and hadronization of high-energy physics events. It
contains theory and models for a number of physics aspects, including hard and soft interac-
tions, parton distributions, initial-and final-state parton showers, multiple interactions between
partons in the same colliding hadron pair, fragmentation and decay. PYTHIA is completely
integrated with CMSSW software and it is one of the official parton tools used by the CMS
collaboration. Details about the hadronization code are in Appendix C.

CMSSW software is the official framework used in the CMS collaboration. All detector related
codes and packages are implemented in CMSSW, from trigger to simulation. Physics events
generation includes simulation (SIM), digitization (DIGI) and reconstruction (RECO). The CMS
detector Full Simulation is based on GEANT4 [59], a toolkit used to model the interactions of
particles in the detector and the detector electronics response. The algorithm incorporates infor-
mation on the materials budget between the interaction point and the detectors, the magnetic
fields and the geometry features. Generated particles pass through the toolkit. Then, the detec-
tor response to the simulated particles is determined in the digitization phase. Physics objects
are reconstructed for the analysis (reconstruction step), after the emulation of the triggering
process. The best calibration and alignment conditions are considered in this stage.

3.4 Seesaw signal models and generation
UFO models [58] are build from Feyman Rules using the Mathematica program [60]. Ten con-
figurations of the considered seesaw model are build corresponding to the ten triplet mass
values in the range from 140 to 340 GeV. The following approximations are applied to reduce
the process time and to simplify the model:

• the Cabibbo angle in the CKM matrix is set to zero;

• the light quarks and all leptons mass are set to zero;

• the Higgs boson is coupled only with the top quark;

• the Higgs mass is set to 125.3 GeV;

• the masses of the three heavy partners of the neutrinos are not split;

• the Yukawa couplings with light quark (including charm) and all leptons (including
tau) are set to zero.

The process under investigation is the production of pairs of these supposed massive particles,
via virtual boson W∗ in the s channel. Production processes via real W’ or virtual Z or real Z’
have different theoretical frameworks and they are not included. The search considers final
states where three charged leptons with transverse momentum pT above defined thresholds
are present and the sum of their electric charge is ±1. Final states host also neutrinos and jets.
The processes implemented in MADGRAPH are the following:
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p p → Σ+ Σ0, (Σ+ → W+ ν, W+ → l+ ν), (Σ0 → W+ l−, W+ → l+ ν)
p p → Σ+ Σ0, (Σ+ → W+ ν, W+ → l+ ν), (Σ0 → W− l+, W− → l− ν)
p p → Σ+ Σ0, (Σ+ → Z l+, Z → ν ν), (Σ0 → W+ l−, W+ → l+ ν)
p p → Σ+ Σ0, (Σ+ → Z l+, Z → ν ν), (Σ0 → W− l+, W− → l− ν)
p p → Σ+ Σ0, (Σ+ → Z l+, Z → jet jet), (Σ0 → W+ l−, W+ → l+ ν)
p p → Σ+ Σ0, (Σ+ → Z l+, Z → jet jet), (Σ0 → W− l+, W− → l− ν)

p p → Σ− Σ0, (Σ− → W− ν, W− → l− ν), (Σ0 → W+ l−, W+ → l+ ν)
p p → Σ− Σ0, (Σ− → W− ν, W− → l− ν), (Σ0 → W− l+, W− → l− ν)
p p → Σ− Σ0, (Σ− → Z l−, Z → ν ν), (Σ0 → W+ l−, W+ → l+ ν)
p p → Σ− Σ0, (Σ− → Z l−, Z → ν ν), (Σ0 → W− l+, W− → l− ν)
p p → Σ− Σ0, (Σ− → Z l−, Z → jet jet), (Σ0 → W+ l−, W+ → l+ ν)
p p → Σ− Σ0, (Σ− → Z l−, Z → jet jet), (Σ0 → W− l+, W− → l− ν)

Two charged leptons arise from the neutral Σ0 decay chain, the third charged lepton comes from
the charged Σ± decay chain. The processes where Z boson decays leptonically have different
final states, with four or five or six charged leptons. They have smaller cross sections than final
states with three leptons. A study was performed in case of sign + and mass point 140 GeV
to inquire the eventual contribution from different final states. Case with four charged leptons
has a cross section of 8.6 fb; for comparison, case with three charged leptons has a cross section
of 122.9 fb. All cross sections are at LO, computed with MADGRAPH. Potentially, the excluded
additional contribution is estimated to be ≈ 7%. The cases with five or six charged leptons in
final states have smaller cross sections than four leptons case. Final state with two leptons have
a very large backgrounds. Natural value Vα = 10−6 and flavor democratic scenario are chosen
(see Section 2.4). Tables 3.1 and 3.2 summarize the branching ratio for Σ±, Σ0 values coming
from MADGRAPH in the analysis.

Table 3.1: Branching ratios for Σ±.

BR Decay 140 180 200 220 240 260 280 300 320 340
Σ± → ν1W± 0.2325 0.2010 0.1990 0.1930 0.1890 0.1860 0.1830 0.1810 0.1790 0.1780
Σ± → ν2W± 0.2325 0.2010 0.1990 0.1930 0.1890 0.1860 0.1830 0.1810 0.1790 0.1780
Σ± → ν3W± 0.2325 0.2010 0.1990 0.1930 0.1890 0.1860 0.1830 0.1810 0.1790 0.1780
Σ± → e±Z 0.0948 0.0961 0.0949 0.0936 0.0924 0.0913 0.0904 0.0897 0.0890 0.0884
Σ± → µ±Z 0.0948 0.0961 0.0949 0.0936 0.0924 0.0913 0.0904 0.0897 0.0890 0.0884
Σ± → τ±Z 0.0948 0.0961 0.0949 0.0936 0.0924 0.0913 0.0904 0.0897 0.0890 0.0884
Σ± → e±h 0.0061 0.0305 0.0394 0.0463 0.0518 0.0562 0.0597 0.0626 0.0650 0.0670
Σ± → µ±h 0.0061 0.0305 0.0394 0.0463 0.0518 0.0562 0.0597 0.0626 0.0650 0.0670
Σ± → τ±h 0.0061 0.0305 0.0394 0.0463 0.0518 0.0562 0.0597 0.0626 0.0650 0.0670

To conclude, search is performed in three charged leptons channel as a reasonable compromise
between signal cross sections and backgrounds; signal is generated with the twelve processes
listed above, at ten different mass values.

3.5 Signal samples validation
Before proceeding to the full simulation chain, some checks are needed at the signal generation
level, to validate the main characteristics of the processed samples. To this end, a special format
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Table 3.2: Branching ratios for Σ0.

BR Decay 140 180 200 220 240 260 280 300 320 340
Σ0 → ν1Z 0.0948 0.0961 0.0949 0.0936 0.0924 0.0913 0.0904 0.0897 0.0890 0.0884
Σ0 → ν2Z 0.0948 0.0961 0.0949 0.0936 0.0924 0.0913 0.0904 0.0897 0.0890 0.0884
Σ0 → ν3Z 0.0948 0.0961 0.0949 0.0936 0.0924 0.0913 0.0904 0.0897 0.0890 0.0884

Σ0 → e+W− 0.1162 0.1034 0.0995 0.0965 0.0946 0.0929 0.0916 0.0905 0.0896 0.0889
Σ0 → µ+W− 0.1162 0.1034 0.0995 0.0965 0.0946 0.0929 0.0916 0.0905 0.0896 0.0889
Σ0 → τ+W− 0.1162 0.1034 0.0995 0.0965 0.0946 0.0929 0.0916 0.0905 0.0896 0.0889
Σ0 → e−W+ 0.1162 0.1034 0.0995 0.0965 0.0946 0.0929 0.0916 0.0905 0.0896 0.0889
Σ0 → µ−W+ 0.1162 0.1034 0.0995 0.0965 0.0946 0.0929 0.0916 0.0905 0.0896 0.0889
Σ0 → τ−W+ 0.1162 0.1034 0.0995 0.0965 0.0946 0.0929 0.0916 0.0905 0.0896 0.0889

Σ0 → e±h 0.0061 0.0305 0.0394 0.0463 0.0518 0.0562 0.0597 0.0626 0.0650 0.0670
Σ0 → µ±h 0.0061 0.0305 0.0394 0.0463 0.0518 0.0562 0.0597 0.0626 0.0650 0.0670
Σ0 → τ±h 0.0061 0.0305 0.0394 0.0463 0.0518 0.0562 0.0597 0.0626 0.0650 0.0670

for event description, called Les Houches Events (LHE) file format, has been developed in
agreement with theoreticians to properly define matrix element input (PDF evaluation, phase
space boundaries, processes amplitudes, masses and widths of new particles and their spin
correlations) in a common language. The checks are performed at this LHE interface level.

As an example, Figure 3.2 shows the Σ mass distributions, after MC generation step. Distri-
butions are for three of the considered mass points both signs: they show that the generated
samples are in agreement with the model expectations. Taken a mass point, the number of
events in sign + is around two time the one in sign -.

Figure 3.3 shows the lepton multiplicity distributions; similar number of events with three
electrons and with three muons are shown, as expected. Events with three leptons are the most
frequent, so the final state is favorite. Values are similar for all mass values, so only one marker
per bin is shown.

Figures 3.4 and 3.5 show lepton transverse momentum pT distributions coming from Σ and W
boson, respectively. The pT mean values in the distributions of lepton coming from Σ are used
in calculation of the decay distance means, reported in Table 2.1.

Figures 3.6 and 3.7 show distributions of missing transverse energy Emiss
T (see Section 5.2.6) and

of hadron activity HT (see Section 5.2.9), respectively. Each line is related with a Σ mass value.
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Figure 3.2: Σ mass distributions. Test is performed on 10000 events samples, after MC genera-
tion step. Only three mass points per sign are shown. Signals are normalized to the integrated
luminosity of 19.7 f b−1 collected by CMS experiment in 2012 at the center of mass energy 8 TeV.
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Figure 3.3: Lepton multiplicity distributions (flavors e, µ, τ).Values are similar for all mass
values, so only one marker per bin is shown. As example, case + is shown.
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Figure 3.4: Electron from Σ and W pT distributions. Sign + signal of ten mass points are shown.
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Figure 3.5: Muon from Σ and W pT distributions. Sign + signal of ten mass points are shown.
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Figure 3.6: Emiss
T and HT distributions after request three charged leptons. Sign + signal of ten

mass points are shown.
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Figure 3.7: Emiss
T and HT distributions after request three charged leptons. Sign - signal of ten

mass points are shown.
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Chapter 4

LHC and CMS apparatus

4.1 LHC
The Large Hadron Collider (LHC) is located at the European Laboratory for Particle Physics
CERN, near Geneva. Its structure crosses the border between Switzerland and France, going
from Jura mountains in France to Leman lake in Switzerland. The circumference ring is 27 km
long and it lies between 45 and 170 m below the surface. The tunnel is the same of the former
Large Electron Positron (LEP) machine and it was build from 1983 to 1989. LHC first studies
were performed still in 1982, before UA1 experiment’s discovery of charged (W±) and neutral
(Z) massive vector bosons. In 1994 CERN council approved the LHC machine and in 1996 final
decision to start the construction was taken. In 2000 LEP ended operation and in 2005 LHC
hardware commissioning was in place. LHC commissioning with beams was performed in
2008 and 2009. Run I data taking with proton-proton, lead ion - lead ion, proton - lead ion
beams covered the period from 2010 to February 2013.

Around the ring there are eight collision points: the experiments are located at four of them.
The role of collisions points is listed below:

• Point 1, near CERN Meyrin (SUI): A Toroidal LHC ApparatuS experiment (ATLAS);

• Point 2: A Large Ion Collider Experiment (ALICE);

• Point 3, near Jura mountains: Momentum beam cleaning (machine service);

• Point 4: RadioFrequency (RF) and beam instrumentation (machine service);

• Point 5, near Cessy village (FRA): Compact Muon Solenoid experiment (CMS);

• Point 6: Beam dumping system (machine service);

• Point 7: Betatron beam cleaning (machine service);

• Point 8, near the border line: LHC-b experiment.

Beams injections points are near Point 1 and Point 8, in two opposite directions.

The following accelerators are part of the LHC injectors chain, sketched in Figure 4.1:

• Duoplasmatron proton source 90 keV, with a beam current of 500 mA;

• RadioFrequencyQuadrupole up to 750 keV;

• LINAC2 linear Alvarez accelerator which accelerates the proton up to 50 MeV, 180
mA (and 4.2 MeV/nucleon for lead beams);

• Proton Synchrotron (PS) Booster circular accelerator which accelerates the proton up
to 1.4 GeV;

• Proton Synchrotron (PS), build in 1959, with a circumference of 628 m, which accel-
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erates the proton up to 25 GeV and provides up to 5.9 GeV/nucleon for lead beams;

• Super Proton Synchrotron (SPS), build in 1981, with a circumference of 6.9 km, which
accelerates the proton up to 450 GeV and provides up to 177 GeV/nucleon for lead
beams.

Finally, LHC brings the beams energy up to 4 TeV for proton and 2.6 TeV/nucleon for lead in
2012. Table 4.1 summarizes the main LHC parameters.

Figure 4.1: LHC injectors chain

4.2 LHC performance at 8 TeV pp collisions in 2012
The CERN machines operated at the center of mass energy

√
s =8 TeV from March 2012 to

February 2013 without issues. Around seven months were dedicated to proton proton colli-
sions at 8 TeV and two months in proton-ion mode. The pp collisions period was extended
to reach the goal of delivered luminosity (∼ 20 f b−1). The LHC machine had some technical
stops devoted to maintenance and few weeks in machine developments status related to test
with different bunch spacing (move from 50 ns to 25 ns), beam energy, bunch schemes. The
machine development studies are important for next Run II period. During technical stops, ac-
cess to the experimental cavern and LHC tunnel was possible: experiments profit in repairing
and replacing dead or not working electronic channels, where it was possible. LHC, as Figure
4.2 shows, delivered more than 24 f b−1 in pp collisions at 8 TeV. Table in Figure 4.3 summa-
rizes some relevant features and records of LHC machine in 2012. Figure 4.4 shows the LHC
working conditions during a stable beams period.

Experiments did not collect all the delivered luminosity: the detectors dead time and some un-
foreseen events caused looses. The integrated luminosity collected by CMS is about 20 f b−1, as
reported in Figure 4.5. The collected sub-section of a run during which the instantaneous lumi-
nosity is unchanging, is called ”luminosity section”. A luminosity section covers ∼ 93 s (∼ 106
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material Value
Circumference 26659 m

Sectors 8
Experimental interaction points 4

Revolution time 88 µs
Magnetic field in dipoles 8.3 T

Current in dipoles 11850
Stored energy in dipoles 10 MJ

Dipoles 1232
Quadrupole 392

Multipole 3700
Cooling temperature 1.9 K (Helium)

Spot sizes 16 µm
Vacuum 10−11 bar

Operation luminosity 1033cm−2s−1

Nominal luminosity 1034cm−2s−1

Operation proton beams energy 3.5 TeV (2011 pp), 4 TeV (2012 pp)
Bunches number 2835
Proton per bunch 1011

Time between bunches 50 ns
Table 4.1: LHC main parameters.

orbits) at the nominal instantaneous luminosity of 1034cm−2s−1, and it is an unit of accounting
for integrated luminosity. The analysis picks up production data files with only the ”certified”
luminosity sections. Some luminosity sections are rejected, due to detector performance below
the quality standards.
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Figure 4.2: Delivered and recorded integrated luminosity for proton-proton collisions at
√

s =8
TeV.

Figure 4.3: Machine performance for proton-proton collisions.
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Figure 4.4: ”LHC page 1” during stable beams in proton physics.
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Figure 4.5: Delivered integrated luminosity for proton-proton collisions at
√

s =7 TeV and√
s =8 TeV.
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4.3 Compact Muon Solenoid experiment
The Compact Muon Solenoid (CMS) experiment [61] is a general purpose apparatus. The
searches program is in common with LHC machine and in competition or collaboration with
ATLAS. Higgs boson discovery in 2012 met one of the main goal of the machine, but more
studies about this particle are required. Searches for physics beyond SM at 1 TeV scale, like
super symmetry or extra dimensions, play a key role: next run period, as described in Chapter
6.4 will achieve the design energy and potentially new particles will be found. Precision mea-
surements about top quark properties, hadrons with bottom quark behaviors, W particles mass
are also investigated subjects. Ion physics (lead-lead collisions, lead-proton collisions) studies
related to Quark Gluon Plasma is an important part of CMS scientific program, too. Thus,
physics requirements are related to the searches for the Higgs boson, super symmetric parti-
cles, new massive vector bosons, studies about extra dimensions, SM precision measurements
and heavy ion physics.

The main detector requirements to meet the goals of the LHC program are listed below:

• trigger acceptance for rare events close to 100%;

• muon alignment better than 200 µm;

• muon charge determination up to transverse momentum pT ∼1 TeV;

• dielectron and diphoton mass resolution of about 1 % at 100 GeV;

• jets energy resolution below 15 % for jet pT > 50 GeV;

• geometric coverage |η| < 2.5.

Figure 4.6 shows a schematic view of the CMS detector, with a cylindrical central barrel closed
by two end caps.

Figure 4.6: Sketch of the CMS detector.
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The detector volume covers almost the full solid angle. The overall dimensions of the detector
are a length of 21.6 m, and a diameter of 14.6 m. CMS has a weight of ∼ 12500 tons, and it is
composed by the following sub detectors, listed from interaction point to outside:

• tracker [62];

• electromagnetic calorimeter (ECAL) [63];

• hadronic calorimeter (HCAL) [64];

• muon chambers [65].

At the heart of CMS sits a 3.8 T superconducting solenoid, with 5.9 m of inner diameter and 13
m long. The flux of the solenoid is returned by a set of iron disks in the end caps and concentric
cylinders in the barrel. The return field in the yoke is large enough to saturate 1.5 m of iron.
The muon detectors are embedded inside the disks and the cylinders to ensure robustness
and full geometric coverage. The core of the magnet accommodates the inner tracker and the
calorimetry inside. The possibility of detection of the SM Higgs boson played a crucial role in
the conceptual design of the CMS experiment: the relevant physical processes were used as
benchmarks to test the performance of the detector.

Since the SM Higgs boson mass was not predicted by theory and its production cross section
and natural width vary widely over the allowed mass range, a search was envisaged over a
large range of masses in different decay modes: pairs of photons, Z bosons, W bosons, τ lep-
tons, and b quarks. Planning the analysis of all these channels ensured a detector capable of
observing a Higgs boson over a broad mass range and able to detect many of the potential
signals of new physics. Within the magnetic field volume are a silicon pixel and strip tracker,
a lead tungstate crystal electromagnetic calorimeter, and a brass/scintillator hadron calorime-
ter. Muons are measured in gas-ionization detectors embedded in the steel flux-return yokes.
Extensive forward calorimeters complement the coverage provided by the barrel and end cap
detectors. Charged particles are tracked within the pseudo rapidity range |η| <2.5, where
η = −ln[tan(θ/2)], and θ is the particle polar angle measured from the positive z axis (along
the anticlockwise beam direction).

The silicon pixel tracker comprises 66 million pixels with 100 × 150 µm2 of size, arranged
in three barrel layers and two disks at each end. The silicon strip tracker, organized in ten
barrel layers and twelve disks at each end, comprises 9.3 millions strips with pitch between
80 and 180 µm, with a total silicon surface area of 198 m2. The tracker has a track-finding
efficiency larger than 99% for muons with transverse momentum pT greater than 1 GeV and
transverse momentum resolution between 1.5 and 2.5 % for charged tracks of pT around 100
GeV in the central region (|η| <1.5). Measurements of the impact parameters of charged tracks
and secondary vertices are used to identify jets that are likely to contain the hadronization
and decay products of b quarks (called b jets). A b jet tagging efficiency of more than 50 %
is achieved with a rejection factor for light quark jet of around 200, as measured in tt̄ events
in data. The dimuon mass resolution at the Z mass, dominated by instrumental effects, is
measured to be 0.6 % in the barrel region, consistent with the design goal.

The ECAL is a fine-grained hermetic calorimeter consisting of ∼ 76000 lead tungstate crystals,
arranged in a quasi-projective geometry and distributed in a barrel region |η| <1.48 and two
end caps covering up to |η| =3.0. The front-face cross section of the crystals is 22 × 22 mm2 in
the barrel region and 28.6 X 28.6 mm2 in the end caps. Preshower detectors consisting of two
planes of silicon sensors interleaved with a total of three radiation lengths of lead absorber are
located in front of the end caps. Electromagnetic showers are very narrow in lead tungstate
(Moliere radius of 21 mm), helping in particle identification and in the implementation of iso-
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lation criteria. In the central barrel region the energy resolution of electrons that do not radiate
substantially in the tracker material indicates that the resolution of unconverted photons is
consistent with the design goals ( σE

E ∼ 1%). For such photons the diphoton mass resolution is
1.1 GeV at a mass of 125 GeV.

The HCAL barrel and end caps are sampling calorimeters consisting of brass and scintillator
plates, covering |η| =3.0. Their thickness varies from 7 to 11 interaction lengths X0, depending
on η; a scintillator tail catcher placed outside the coil of the solenoid, just in front of the inner-
most muon detector, extends the instrumented thickness to more than 10 X0 everywhere. Iron
forward calorimeters with quartz fibers, read out by photo multipliers, extend the calorimeter
coverage up to |η| =5.0.

The muon spectrometer is composed of three types of gaseous muon detectors based on differ-
ent technologies:

• the drift tubes (DT) in |η| <1.2;

• the cathode strip chambers (CSC) for 0.9< |η| <2.4;

• the resistive plate chambers (RPC) in |η| <1.6.

The DTs and the CSCs provide a precise position measurement and together with RPCs operate
within the first level trigger system, providing two independent and complementary sources
of information. The muon system consists of four stations in the barrel and end caps, designed
to ensure robust triggering and detection of muon over a large angular range. In the barrel
region each muon station consists of twelve drift-tube layers, except for the outermost station,
which has eight layers. In the end caps, each muon station consists of six detection planes. The
precision of r-φ position measurement is 100 µm in the drift tubes and varies from 60 to 140 µm
in the cathode strip chambers.

The CMS trigger (see Section 4.4) and data acquisition (DAQ) (see Section 4.5) systems ensure
that potentially interesting events are recorded with high efficiency. The first level (L1) trigger,
comprising the calorimeter, muon, and the global trigger processors, uses coarse-granularity
information to select the most interesting events in a time range of some µs. The detector data
are pipe lined to ensure negligible dead time up to a L1 rate of 100 kHz. After L1 triggering,
data are transferred from readout electronics of all sub detectors, through the readout network,
to the high-level-trigger (HLT) processor farm, which operates offline-quality reconstruction
algorithms to decrease the event rate to around 0.5 kHz, before data storage.

The CMS experiment employs a highly distributed, worldwide computing infrastructure for
off line reconstruction and analysis, called GRID (see Section 4.6). It has a primary Tier 0 center
at CERN, supplemented by seven Tier 1 as national centers, more than 50 Tier 2 as regional
centers, and many Tier 3 centers at national laboratories and universities throughout the world.
The CMS software running on this high-performance computing system executes numerous
tasks, including the reconstruction and analysis of collected data, as well as the generation
and detailed detector simulation of MC event samples. Storage and computing are resources
located in all the world.
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4.4 CMS Trigger
The LHC bunch crossing rate is around 40 MHz. Maximum data writing rate is ∼ 300 Hz.
Thus, experiments must reject on the fly most of collisions. The mechanism to select which
data could be relevant for further off lines physics analysis is the trigger process, embedded
into the data acquisition (DAQ) system. CMS trigger and DAQ consists of four parts: the de-
tector electronics, the level 1 trigger processors, the readout network, on line event filter system
in the process farm that executes the algorithms for HLT reconstruction and selection. The size
of the LHC detectors and the underground caverns imposes a minimum transit time for sig-
nals from the front-end electronics to reach the services cavern housing the level 1 trigger logic
and return back to the detector front-end electronics. The total time allocated for the transit
and for reaching a decision to keep or discard data from a particular beam crossing is 3.2 µs.
During this time, the detector data must be held in buffers while the trigger data is collected
from the front-end electronics and decisions taken discarding a large fraction of events while
retaining the small fraction of interactions of interest (about 1 every 1000 events). The time
allocated to level 1 trigger calculations is less than 1 µs. Custom hardware processors form
the level 1 decision. The level 1 triggers involve the calorimetry and muon systems, as well as
some correlation of information between these systems. The level 1 decision is based on the
presence of trigger primitive objects such photons, electrons, muons, and jets above defined
transverse energy or transverse momentum thresholds. It also employs global sums of trans-
verse energy or missing transverse energy ET

miss. Reduced-granularity and reduced-resolution
data are used to form trigger objects. Level 1 trigger rate during 2012 data taking is limited to
100 kHz. Much of the logic in the trigger system is contained in custom Application Specific
Integrated Circuits (ASICs), semi-custom and gate-array ASICs, Field Programmable Gate Ar-
rays (FPGAs), Programmable Logic Devices (PLDs), and discrete logic such as Random Access
Memories that are used for memory Look-Up Tables (LUTs). Upon receipt of a level 1 trigger,
after a fixed time interval of 3.2 µs, the data from the pipelines are transferred to the front-end
readout buffers. After signal processing, zero-suppression and data-compression, the data are
placed in dual-port memories for access by the DAQ system. Each event, with a size of about
600 kB in proton-proton collisions, is contained in several hundred front-end readout buffers.
Through the event building switch, data from a given event are transferred to a processor. Each
processor runs the same high-level trigger software code to reduce the level 1 output rate of 100
kHz to less than 1 kHz for mass storage. The use of a processor farm for all selections beyond
level 1 allows maximal benefit to be taken from the evolution of computing technology. Flex-
ibility is maximized since there is complete freedom in the selection of the data to access, as
well as in the sophistication of the algorithms. Various strategies guide the development of the
HLT software code. The HLT code is written in the same high level language (based on C++)
of the offline analysis, within the CMSSW dedicated software framework. Rather than recon-
structing all possible objects in an event, whenever possible only those objects and regions of
the detector that are actually needed are reconstructed. Partial reconstruction idea and notion
of many virtual trigger levels are in place: calorimeter and muon systems information are used,
followed by the use of the tracker pixel data and finally the use of the full event information
(including tracking algorithm).
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4.5 CMS Data Acquisition system
Figure 4.7 gives an example of the layout of the Function Manager in the central DAQ system.
Function Manager (FM) modules merge the synchronized Trigger Throttle Signal for each par-
tition. L1 Trigger receives and reacts on merged signals. Around 650 front end drivers, when
trigger fired, pick up data and, through the front readout links, the information go to the 72
read out units in the read out builder network (called ”slice”). CMS has eight independent
DAQ slices. The Storage Manager (SM) keeps temporarily events accepted by HLT farm. The
SM writes data to the local disk array; the closed files are then transferred to Tier 0. The SM
maintain some information on stored data in a dedicated Database. The Run Control Moni-
tor System (RCMS) is the master part for data taking. Monitoring information is provided by
specific designed applications. Error information are handled by an automatic sentinel system.
The sentinel routes all messages to a collecting application. Several tools are used in the on
line operation, related to central DAQ system. RCMS Graphical User Interface (GUI) indicates
subsystems status. ”DaqDoctor” application indicates clearly what is on going (including pos-
sible solution for errors). ”aDAQmon” is a powerful graphical monitoring of the DAQ system
with diagnostics. ”Hotspot” displays errors in the XDAQ framework or applications and al-
lows searching for specific errors. ”Storage Manager page 1” shows information on the data
stored and informs about data transfer to Tier 0. ”Nagios” on line cluster monitors the status
of computers and services.

The Run Control and Monitor System (RCMS) [66] is the set of hardware and software com-
ponents responsible for controlling and monitoring the experiment during data taking. It pro-
vides users with a virtual counting room, enabling them to operate the experiment and monitor
detector status and data quality from any point in the world. The architecture of the CMS DAQ
system has roughly 10000 objects that need to be controlled. The RCMS architecture is scalable
to control and monitor a large distributed system. The Internet applications face similar is-
sues, so CMS adopts the web technologies and services, such as eXtensible Markup Language
(XML) data format for data exchange and the Simple Object Access Protocol (SOAP) protocol
for communication. As a component of the CMS on line software, the RCMS inter operates
with the other on line software components, like the Detector Control System (DCS), and the
XDAQ cross platform DAQ framework. The RCMS views the experiment as a collection of
partitions. A partition is a configurable group of resources. Multiple partitions can be active
concurrently, sharing resources, allowing several sections of the experiment to run indepen-
dently. The RCMS performs actions on the partitions. Configuration and monitoring actions
have timing constraints. Configuration and setup of partitions require a time period of the
order of minutes, their control (status changes, commands execution) order of seconds. For
examples, during 2012 data taking period sub system tracker configuration required around
3 minutes (the longest period), while the DT occupies around 30 seconds. Users have to be
authorized and authenticated to get access to the RCMS functions. The logical layout consists
of four types of elements: session managers, sub systems controllers, user interfaces, and a set
of Services that are needed to support specific functions like security, logging, and resource
management. A number of DAQ sub systems are involved in data taking. Any sub system is
partitioned, and different partitions operated concurrently. The standard partition boundaries
are the sub detectors. A hierarchy masters over sub system partitions: actions performed at the
level propagates to components. Graphical User Interfaces are important to provide the user
on shift with a set of intuitive functions to control and monitor the experiment.
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Figure 4.7: Central DAQ Level 0 Function Manager.

4.6 Storage and Computing
In the distributed computing GRID, offline analysis is supported by a technological team. More
than one Tier 2 can be involved during analysis tools running. For instance, the seesaw type III
signal samples are stored in Tier 2 Legnaro-Padua and the code (analyzers, filters, root macros)
runs on the special cluster of user interface (UI). Monitors tools are used during massive run
of the analysis. The Legnaro-Padua Tier 2 is a computing facility [67], serving in particular
the ALICE and CMS LHC experiments. Its unique characteristic is its topology: the com-
putational resources are spread in two different sites, about 15 km apart: the INFN Legnaro
National Laboratories and the INFN Padua unit. Nevertheless these resources are integrated
and are exposed as a single computing facility. The history of Legnaro-Padua Tier 2 goes back
to 2001, when it started as a collaboration between INFN Legnaro National Laboratory and
INFN Padua to setup a prototype computing farm, located in Legnaro, for CMS Monte Carlo
productions. Since then the two sites have always been involved in several GRID related activ-
ities and in other computing activities of the LHC experiments, in particular ALICE and CMS.
In 2008 a tighter integration of the two INFN units has been achieved exploiting a dedicated
fiber link connecting the two sites, implementing therefore a distributed Tier 2: the services
and resources, since then all located in Legnaro, have been deployed in both sites. The bulk of
servers is composed of 190 worker nodes, which are split about equally between the sites and
configured as a single cluster managed by batch system. These computing resources are acces-
sible using a GRID interface providing a high level of scalability and reliability. The storage
for the CMS Virtual Organizations (VO) is ∼ 1.1 PB on 16 disk servers. Along with the storage
there are the services providing remote data access through different protocols and the CMS
data set transfer agents (Phedex). One of the critical aspects in setting up the distributed Tier 2
was the networking. All the out bound traffic goes through the Legnaro router (at 2 ∗10 Gb/s).
The core of the Tier 2 monitoring is based on three common tools, all with customized scripts
and configurations:

• ”Ganglia” is the main source providing the status and performance of the Tier 2
hardware resources, which are divided in two groups with different frequencies of
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metric collection: high (around 30 s) for the storage servers and all services, and
lower (around 5 min) for less critical machines like the worker nodes;

• ”Nagios” collects all the site health information not only of internal resources but
also from external views;

• ”Cacti” is used to monitor all the network switches and appliances. In addition to
the monitoring there are several scripts and cron jobs developed to take corrective
actions for the more common issues, for example automatically killing memory con-
suming jobs when a server starts swapping or closing problematic worked nodes
(e.g. low disk space, black hole nodes).

In Padua a special cluster of computers has been setup in order to provide an efficient system
for the final stage of analysis activities of the local CMS community, with a total storage of about
30 TB. Despite the intrinsic complexity of its distributed architecture, the Legnaro-Padua Tier2
proved to be very reliable: it has always been among the top sites in the availability ranking
measured by CMS and ALICE and in the official GRID Availability and Reliability Report the
site averages for the last two years were respectively 99.7% and 99.2 %. The site contribution to
the computing activities of the two VOs is usually larger than their quota of resources thanks
to the dynamic sharing of worker nodes which allows the exploitation of extra slots whenever
they are left unused by the other VO.
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Chapter 5

Data analysis

5.1 Analysis strategy
The search strategy to investigate the seesaw mechanism with heavy fermion weak triplet me-
diators is based on the study of final states with exactly three charged leptons, missing trans-
verse energy and low hadronic activity without b jets. The signal must have missing transverse
energy, related to the Σ± and W± decays in final states with neutrinos. The total charge of three
charged leptons must be ±1, according to the total charge of Σ± and Σ0 pair. The study of the
MC signal shows that the leptons can be selected with transverse momentum pT greater than
10 GeV, keeping an high signal detection efficiency. The Z boson, coming from the Σ±, is sup-
posed to decay into neutrinos or into jets; anyway the jets activity of the signal is smaller than
the jets activity of the background. Background contributions are classified in two groups:

• physical backgrounds: events coming from physical processes that have final states
similar to the signal;

• non physical backgrounds: events with misidentified objects (fake objects), events
with missing objects due to the detectors inefficiencies, events with additional ob-
jects originated from other interactions in the same bunch crossing (PU), events with
additional objects originated from secondary interactions and/or from decays in the
detectors material.

The main physical background sources are diboson and triboson decays and events with a sin-
gle heavy boson accompanied by an energetic photon that converts into a leptons pair (Dalitz
pair). Instrumental backgrounds are events with one or two charged identified lepton(s) and
the remaining one or two fake lepton(s); the most relevant contributions to these backgrounds
come from tt̄, bb̄, WW+jet, cc̄, and DY production processes. Backgrounds are also classified
as reducible and irreducible: if contribution is reducible a removal strategy is in place; in the
other case an estimation, performed on suitable control regions, takes into account how many
background events are expected in data in the relevant signal region. Strategies to reduce back-
grounds invoke physics objects and impose thresholds on their physical quantities. Selections
usually act at different steps of the analysis flow. To optimize discovery potential, events se-
lected in the analysis are grouped into categories. The criteria to assign an event to a defined
category are: number of electrons or muons, opposite or same charge sign of the same fla-
vor leptons pair (OSSF, SSSF), sign of the total charge of the three leptons. The corresponding
twelve different categories are listed in Table 5.1. At the end of the analysis flow, the compari-
son between background and data gives the result. Finally, its interpretation in the framework
of the considered theoretical model is discussed.

In this chapter, the following aspects of the analysis are addressed in detail:

• event reconstruction and relevant physics objects;
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• SM background samples;

• data samples and triggers selection;

• off line events selection;

• signal and SM backgrounds characterization;

• determination of background from asymmetric photon conversion;

• determination of non prompt leptons background;

• backgrounds estimation from SM processes;

• discussion of the total background and its systematic uncertainties;

• MC signal events.

Table 5.1: Categories of the selected events.

Category µ e Symbol Sign
SSSF 3 0 µ+µ+µ− +
SSSF 0 3 e+e+e− +
SSSF 2 1 µ+µ+e− +
OSSF 2 1 µ+e+µ− +
SSSF 1 2 e+e+µ− +
OSSF 1 2 µ+e+e− +
SSSF 3 0 µ−µ−µ+ -
SSSF 0 3 e−e−e+ -
SSSF 2 1 µ−µ−e+ -
OSSF 2 1 µ−e−µ+ -
SSSF 1 2 e−e−µ+ -
OSSF 1 2 µ−e−e+ -

5.2 Event reconstruction and relevant physics objects
Different detectors measure and identify particles using their peculiar features in interactions
with materials, as depicted in Figure 5.1. Neutral particles go undetected through tracking
detectors and photons produce shower in ECAL. Electrons and positrons leave curved tracks
in the tracker and produce showers in ECAL. Muons go through all detectors and give signals
in all of them, including the muon chambers. Charged hadrons such as kaons, pions, protons,
make tracks in the inner detectors and ECAL, then produce showers in HCAL. Neutral hadrons
produce showers in HCAL. Neutrinos are not detected directly: they are associated to the
missing transverse energy in the event, because of the imbalance of energy in transverse plane.

Event reconstruction is the operation of constructing physics quantities from the raw data, the
output from the sub-detectors, collected by the experiment. At the higher level reconstruction
step, these physics quantities correspond to physics characteristics of particles produced in
the LHC collisions. The reconstruction process is a collection of independent units, each one
providing a set of corresponding reconstructed objects as output. Each reconstruction unit is
implemented in the CMS framework (CMSSW software) as a ”module”, in which algorithms,
that are able to process data from the event, are implemented. The reconstructed quantities
are then stored again in the event being used in the data analysis. A used data reconstruction
technique is the so called ”particle flow” (PF) [68–71], which enhances the performance of the
detector. Particle flow attempts to reconstruct all stable particles in an event by combining
information from all sub-detectors. This way, an optimal determination of particle direction,
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Figure 5.1: CMS Particle Identification.

energy and type is obtained. The algorithm categorizes all particles into the following five
types: muons, electrons, photons, charged and neutral hadrons. Then, the resulting particles
list is used to construct a variety of higher-level objects and observables such as jets, missing
transverse energy ET

miss, photon isolation variables, b-jet tagging discriminators. The search
strategy to investigate the seesaw type III mechanism invokes electrons, muons, ET

miss and anti
b tagged jets. The reconstruction of the main physics quantities used in the analysis are briefly
described in the following sub sections.

5.2.1 Tracker track

The default reconstruction of charged particles tracks in the silicon tracker system is performed
by the combinatorial track finder (CTF). Triplets or pairs of hits with an additional constraint
from the beam spot or a vertex are used as initial estimates, or seeds, of tracks. The seeds are
then propagated outward in a search for compatible hits. As hits are found, they are added
to the seed trajectory and the track parameters and uncertainties are updated. This search
continues until either the limit of the tracker is reached or no more compatible hits can be
found, yielding the collection of hits that belong to the track. In the final step, this collection
of hits is fit to obtain the best estimate of the track parameters. The ”generalTrack” collection
is produced using rather loose track finding criteria. As a result, it has a very high efficiency
to find tracks, but it contains quite a large fraction of fake tracks. Therefore, physics analysis
uses only a subset of the tracks that satisfy quality criteria, selecting the proper quality flag
associated to the track. The quality flag is based upon parameters like the number of hits
on the track and its χ2, and vertices compatibility. Track are classified ”high Purity”, ”tight”,
”loose”.
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5.2.2 Primary interaction vertex

The primary vertex (PV) identification starts from the reconstructed tracks, selected on the
basis of their compatibility with the beam spot, number of hits and normalized tracks χ2. The
tracks are clustered into several primary vertex candidates, according to the z-coordinate of
the point of closest approach of the tracks to the z-axis. Several primary interaction vertices
can be found in the same bunch crossing due to the occurrence of more than one pp collision,
known as PileUp (see Section 3.2). A vertex fit is performed in (x, y, z) coordinates for each
primary vertex candidate using the corresponding tracks. Only the primary vertex candidates
compatible with the beam line are retained.

5.2.3 Jets

Quarks or gluons produced in the LHC collisions cannot be observed directly, but they frag-
ment into stable hadrons, which can be detected in the tracking and calorimeter systems. These
hadrons produce a roughly collimated flow of particles called jet. The identification and mea-
surement of physics quantities related to jets is performed by different algorithms, which as-
sembles a collection of objects (calorimetric towers, particles) to obtain the final jet. These
algorithms provide a good measurement of the initial parton energy and direction. Beside this,
they should be collinear safe, so that the result is unchanged if e.g. the energy carried by a sin-
gle particle is instead distributed among two collinear particles, and infrared safe: the result of
the jet finding is stable against the addition of soft particles. Jet algorithms which do not satisfy
one of the two conditions yield ambiguous results and lead to unnecessary uncertainties when
applied to calculations in perturbation theory. Many jet algorithms are implemented in the
CMS framework. In the present analysis, the jet reconstruction algorithm chosen is the anti-kT
[72], a variation of the kT algorithm. The ”inclusive kT” method is a cluster-based jet algorithm.
The cluster procedure starts with a list of input objects, stable particles or calorimeter cells. For
each object i and each pair (i, j) the following distances are calculated:
di = p2

T,i
dij = min(p2

T,i, p2
T,j)[(ηiηj)2 + (φiφj)2]/R2

where R2 is a dimensionless parameter normally set to unit. The algorithm searches for the
smallest di and dij , and call it dmin . If dmin is a dij, the objects i and j are merged into a new
object with momentum the sum of the momentum of i and j. If a distance of type di is the small-
est, then the corresponding object i is removed from the list of input objects and filled into the
list of final jets. The procedure is repeated until all objects are included in jets. This algorithm
is both collinear- and infrared-safe to all orders of perturbation QCD. The ”anti-kT” follows the
same repetition as the ”inclusive kT” but distance definitions are:
di = 1

p2
T,i

dij = min( 1
p2

T,i
, 1

p2
T,j

)[(ηiηj)2 + (φiφj)2]/R2

The energy measurement obtained by jet algorithms does not match the energy of the initial
parton originating the jet. The jets at this level are so called raw jets. The bias in jet energy
reconstruction is caused by different reasons, among which the most important are: non-linear
response of the calorimeters, detector segmentation, presence of material in front of calorime-
ters, electronic noise, noise due to physics (PU of interactions from same bunch crossing). Many
levels of correction [73] are applied to the raw jets in order to obtain the energy value that is
closer to the true energy of the initial parton. In the analysis, three corrections are in place:

• Offset: the PU and electronic noise effects are removed. This correction can be esti-
mated using events collected by a random trigger, without any preconditions except
a beam crossing, and referred to as zero bias events. The offset contribution is eval-
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uated as the average calorimeter energy deposited inside a cone of radius R, and
depends on the η of its axis;

• Relative (η): the variation in jet response with η is flattened, using the dijet balance
method applied on collision data. This method is based on the principle of trans-
verse momentum conservation: considering a two partons final state, the resulting
particle jets have equal transverse momentum, in an ideal case. The unbalance be-
tween the jets transverse momentum that is observed on average, is due to the vari-
ation of the jet response across the detector versus η;

• Absolute (pT): the calorimetric energy response to a particle level jet is smaller than
unity and varies as a function of the jet pT . The absolute correction removes these
variations and make the response equal to unity at all pT. This corrections is ob-
tained from simulation using the MC truth, and from real data exploiting four-
momentum conservation in γ + jets and Z + jets events.

Selected physical variables that describe PF jets are used to differentiate between a physics
jets and a noise or noise-enhanced one. HCAL noise tends to populate high values of neutral
hadron fraction of the jet energy, and ECAL noise tends to populate high values of neutral
electromagnetic fraction of the jet energy.

In the analysis, the object jet has the following features:

• the fraction of jet energy carried by neutral hadron is < 0.99;

• the fraction of jet energy carried by neutral electromagnetic (photon) is < 0.99;

• the fraction of jet energy carried by charged hadron fraction is > 0;

• the fraction of jet energy carried by charged electromagnetic fraction is < 0.99;

• particles constituents are more than one;

• at least one charged particle constituent is present;

• jet pseudo rapidity η is inside the geometrical regions covered by detectors: |η| <
2.4;

• the jet transverse momentum pT is above 30 GeV.

5.2.4 b quark jets

The jets produced by b-quark hadronization are characterized by quantities that allow to iden-
tify them (b tagging), discriminating jets from gluons (g), light flavor quarks (u, d, s) and c-
quark. In particular, the b-quark long lifetime with respect to the other quarks and its semilep-
tonic decay properties are exploited for the b tagging. The impact parameter of a track with
respect to the primary vertex is used to distinguish the decay products of a b hadron from other
tracks. A sign is associated to the impact parameter, which is given by the scalar product of
the vector pointing from the primary vertex to the point of closest approach of the track with
the jet direction. Tracks originating from the decay of particles traveling along the jet axis will
tend to have positive impact parameter values. In contrast, the impact parameters of prompt
tracks can have positive or negative values. A good discrimination variable for b tagging is
the impact parameter significance σIP, defined as the ratio of the signed impact parameter to
its estimated uncertainty. In CMS an algorithm based on σIP is used for b tagging, called Track
Counting (TC). It sorts the tracks in a jet by decreasing values of impact parameter significance.
The probability to have several tracks with high positive value of the σIP is low for light-flavor
jets. Another powerful way to discriminate b-jets from other jets is to look for the presence
of a secondary vertex inside the jet. Variables associated to a secondary vertex that are useful
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in b tagging are: the flight distance and direction, defined by the vector between the primary
and secondary vertex, track multiplicity and invariant mass associated to the secondary vertex.
The Simple Secondary Vertex (SSV) algorithm uses the significance of the flight distance as dis-
criminating variable. By using additional variables, a discrimination is provided even in cases
where the secondary vertex is not reconstructed, increasing the efficiency with respect to the
SSV algorithms. This is a more complex approach and involves the use of secondary vertices
(when reconstructed) together with track-based lifetime variables, leading to the Combined
Secondary Vertex (CSV) algorithm. Two likelihood ratios are built from these variables. They
are used to discriminate between b and c jets and between b and light-flavor jets. Loose selec-
tions corresponding to 10% of misidentification probability for light flavor jets, lead to a b-jet
tagging efficiency of 80-85%, whereas tight selections corresponding to 0.1% of misidentifica-
tion probability for light flavor jets lead to a b-jet tagging efficiency of 45-55%. In the analysis,
the CSV b tagging algorithm is used at the ”loose working point” (threshold value of 0.244).

5.2.5 Isolation

A powerful variable used to determine whether a lepton is inside or outside a jet is the isola-
tion. This quantifies the amount of energy of the particles detected in a region around the track
of the reconstructed lepton. The region where the isolation variable is computed is a cone in
the (η, φ) plane:
∆R =

√
∆η2 + ∆φ2 =

√
(η − η0)2 + (φ− φ0)2

where η0 and φ0 identify the cone axis, which is the direction of the inner lepton track at the ver-
tex position. The vertex is defined as the point of closest approach of the track to the beam line
on a plane perpendicular to the beam. In the analysis, the cone radius chosen is ∆R = 0.3. The
particle flow isolation variable (pfIso) is the ratio between the sum of transverse momentum
(or transverse energy) of the objects in the cone of radius ∆R and the lepton transverse momen-
tum. The charged and neutral hadrons and photons are taken in account. In the algebraic sum
in the numerator, a correction for the PU is also present. The neutral and PU contributions are
added only if their algebraic sum is positive.

p f Iso(lepton) = [∑chargedhadrons pT + max(∑neutralhadrons pT + ∑photons pT − 0.5 ∑PileUp pT, 0.0)]/plepton
T

5.2.6 Missing Transverse Energy

Neutral weakly interacting particles, such as neutrinos, escape from collider detectors without
producing any direct response in the detector elements. The presence of such particles must
be inferred from the unbalance of total momentum. The vector momentum imbalance in the
plane perpendicular to the beam direction is particularly useful in pp and pp̄ colliders, and is
known as missing transverse momentum. Its magnitude is called missing transverse energy
(MET), denoted ET

miss. As for jet, the energy measurement obtained requires corrections. In the
analysis, the so called ”Type1” correction algorithm is applied on PF ET

miss. This correction is
a propagation of the jet energy corrections, described previously; the algorithm replaces the
vector sum of transverse momenta of particles which is clustered as jets with the vector sum of
the transverse momenta of the jets to which jet energy correction is applied.

5.2.7 Muons

The reconstruction of muons originated by pp collisions starts independently in the silicon
tracker (tracker track) and in the muon spectrometer (standalone muon track). A complete
muon reconstruction in the whole CMS volume, matching the information of the tracker and
muon system, is achieved following two different approaches:
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• Global Muon reconstruction (from outside to inside): starting from a standalone
muon, a matching tracker track is found and a global muon track is fitted combining
hits from tracker and standalone muon tracks. The greater is the muon pT, the more
the global fit can improve the momentum resolution with respect only the tracker
track, since the level arm is longer;

• Tracker Muon reconstruction (from inside to outside): all tracker track with pT >
0.5 GeV and p> 2.5 GeV are considered as possible muon candidates. They are
extrapolated toward the muon system, taking into account the energy loss in the
material, the magnetic field and the uncertainty due to multiple scattering. If at least
a muon segment (inside a DT or CSC, depending on which part of the CMS volume
is involved in the extrapolation) matches the extrapolated track, the correspond-
ing tracker track is classified as a tracker muon track. The matching is performed
looking at the spatial distance between the extrapolation and the segment inside the
muon chamber.

At low momentum the tracker muon is more efficient than the global muon reconstruction. In
fact, as the muon pT drops, the penetration inside the muon system is less deep. This results
in higher probability for low pT muons to produce just one segments in the first muon station
layer. For about 1% of the muons from collisions, it happens that only a standalone muon track
is reconstructed, and both of the above approaches fail. The failure rate is very low thanks to the
high tracker track efficiency. In the CMS framework, the results of these algorithms are merged
in a single collection of muon candidates. A physics analysis achieves the balance between
identification efficiency and purity by applying a selection based on the muon identification
variables. Three basic selections are:

• Soft Muon selection, where the muon is a tracker muon, with additional require-
ments on the spatial matching of the segment in the muon chambers;

• Tight Muon selection, where the muon is global, with additional requirements, such
as cut on the normalized χ2 of the track fit, at least one muon chamber hit included in
the final track fit, segments matched in at least two muon stations, the corresponding
tracker track with more than 10 silicon tracker hits (including at least one pixel hit)
and a small distance between the closest point of the track to the primary vertex
(impact parameter);

• particle flow muon selection: a selection is performed on all the muon candidates
reconstructed with the standard algorithms. This selection has been optimized to
identify muons in jets with high efficiency, keeping low the fake rate from misiden-
tified charged hadrons.

The rate of ”fake” muons is about 7% for Soft Muons, and 2% for Global Muons, and 0.5% for
Tight Muons [74].

Four muon identification variables are defined:

• Tracker Iso: is the sum of the transverse momenta of tracker tracks within the iso-
lation cone. Only tracks with pT > 1 GeV , ∆z < 0.2 cm and ∆r < 0.1 cm are
considered, where ∆z and ∆r are the minimum distances from the tracker track to
the cone vertex;

• ECAL Iso: is the sum of the transverse energies deposited in the electromagnetic
calorimeter by particles passing through it. Only crystals with E> 0.25 GeV are
considered;

• HCAL Iso: is the sum of the transverse energies deposited in the hadron calorimeter
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by particles passing through it; no cuts are applied on the calorimetric towers;

• Combined Iso: is the linear sum of the Tracker, ECAL and HCAL Isolation.

The identification variable Combined Iso with cone size ∆R <0.3 is used in the analysis.
Charged particles from vertices other than the primary vertex in the cone contribute to the
isolation value of the object. With particle flow, these PU particles can be sorted out and just
not be counted. There are also neutral particles from PU but they do not produce tracks, so it
is not possible to assign neutral particles to vertices. The neutral particles from PU are taken
into account with a dedicate algorithm, called ”Delta Beta PU correction”: they are estimated to
give a contribution equal to one half of the contribution from charged particle from PU, which
are found in the corresponding cone of radius ∆R. The efficiency to select an isolated muon is
defined as the fraction of the muons that pass a given combined isolation threshold over all the
muons in a sample of muon candidates originating from Z decays.

In the analysis, the object muon has the following features:

• the muon track is globally reconstructed in all detectors;

• the muon pseudo rapidity is inside the geometrical regions covered by muon detec-
tors (|η| < 2.4);

• the χ2 over number of degree of freedom (normalized χ2) of the global muon track
fit is χ2/ndof < 10;

• the number of silicon layers activated is > 5;

• the number of Valid Stand Alone Pixel Hits is > 0;

• the number of matched muon stations is > 1;

• the number of muon chamber hit in global fit is > 0;

• the impact parameter with respect to the primary vertex in the transverse plane is
|d0,pv| < 0.005 cm;

• the impact parameter is |dz,pv| < 0.5 cm;

• the isolation after Delta Beta PU correction in cone size 0.3 is < 0.10.

These conditions optimize the selection efficiency with respect to the purity.

5.2.8 Electrons

The reconstruction of electrons originated by pp collisions uses the combination of tracking
and calorimetric information, so it starts from the information in the pixel detector, the silicon
strip tracker and the electromagnetic calorimeter. The measurement of the electron energy in
the ECAL is hampered by the amount of tracker material which is distributed in front of the
ECAL, and by the presence of a magnetic field aligned with the collider beam axis, called z axis.
Electrons passing through the silicon layers of the tracker radiate bremsstrahlung photons, so
that the energy reaches the ECAL with a significant spread in the azimuthal direction φ. The so
called ”ECAL clustering” procedure, and in particular the building of ”superclusters” (clusters
of clusters) is in place to take into account the φ spread and collect the bremsstrahlung en-
ergy. The electromagnetic showers initiated by electrons deposit their energy in several ECAL
crystals. For a single electron reaching the ECAL, most of the energy is collected in a small
number of crystal (∼ 25). The cluster is the fixed size arrays of crystals that contains the elec-
tromagnetic shower. To obtain a measurement of the electron energy at primary interaction
vertex and minimize the cluster containment variations, bremsstrahlung photons are collected
using more complex algorithms of superclustering. The ”Hybrid algorithm” attempts to profit
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from the simple geometry of the ECAL barrel and exploit the properties of the lateral shower
shape in the transverse direction while dynamically searching for separated bremsstrahlung
energy in the φ direction. In the language of the hybrid superclustering, the ”seed” cluster is a
collection over φ of contiguous dominoes made of 3 to 5 crystals in η and separated by other
such collections by a valley where less than 100 MeV is observed in a domino. The ”Island
algorithm” in the end cap builds clusters by connecting rows of crystals containing energies
decreasing monotonically when moving away from the highest energy crystal of the seed clus-
ter, called ”seed crystal”. Then, superclusters are built by collecting other island clusters in a
φ road in both directions around each island clusters, starting from a list of clusters ordered
in transverse energy, in a procedure called bremsstrahlung recovery. In the language of Island
algorithm, the ”seed” cluster is a cluster that initiates a bremsstrahlung recovery procedure.
Supercluster driven pixel seed finding is then used to initiate the building of trajectories in the
inner tracker (initial track). The electron track reconstruction relies on a dedicated ”Gaussian
sum filter” (GSF), using a specific energy loss modeling. The electron track reconstruction is
decomposed into four modular components:

• initial tracks called ”seeds” are looked for with a seed generator. A seed is created
when two hits compatible with a given beam spot are found in the pixel detector, in
order to build a track outward. The search of seeds is restricted to a region compati-
ble with a supercluster in ECAL (supercluster-driven limitation);

• the ”trajectory builder” constructs outward all the possible trajectories for a given
seed;

• the ambiguities among the possible trajectories are solved by the ”trajectory cleaner”
and a maximum number of track candidates is kept;

• the final fit of the track is performed with the ”trajectory smoother”, which uses all
the collected hits to estimate the track parameters at each layer through a backward
fit.

The bremsstrahlung emission introduces, in general, non Gaussian contributions to the event
by event fluctuations of the calorimetry and tracking measurements. Additional electron tracks
from conversion of secondary photons, actually the first stages of an ”electromagnetic shower-
ing”, contribute to the energy lost in front of the ECAL. More elaborate reconstruction proce-
dures, involving recognition of distinct track supercluster patterns are in general needed to bet-
ter disentangle the sources of partial energy containment in the supercluster, adapt the energy
scale corrections and estimate associated errors. The electron direction is obtained from the
associated primary track. The main background for isolated primary electrons in CMS comes
from ”fake” electrons from hadron overlaps in jets, but also prompt electrons from semilep-
tonic decays of mostly c or b quarks, and possibly electrons from early photon conversions in
the tracker material. The bremsstrahlung emission and secondary conversions which accom-
pany real electrons complicate the identification strategy. Whether the electron measurements
are compatible with a small amount of bremsstrahlung or, on the contrary, characterized by
considerable φ spread and secondary conversions, is likely to affect electron identification and
background rejection performance. The definition of variables for electron identification profits
from the classification of electron patterns.

The classification groups electrons in four classes:

• golden electrons: electrons least affected by radiation emission, with a reconstructed
track well matching the supercluster and well behaved in supercluster pattern;

• big brem electrons: electrons with a good track supercluster geometrical matching, a
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well behaved supercluster pattern, and no evidence of energy loss effects from sec-
ondary photon conversion despite a very large measured bremsstrahlung fraction;

• narrow electrons: electrons have significantly large bremsstrahlung fraction but not
as high as for big brem, a rather well behaved supercluster, a relaxed track super-
cluster geometrical matching;

• showering electron: remaining electrons, failed other prescriptions (”bad” electrons).

Electrons identification makes use of a complete set of estimators. The estimators are combined
to establish full compatibility of observations with the expectations from single electrons. The
performance (efficiency, rejection power, purity) of this identification depends of course on
the degree of isolation imposed on the electron candidates and on the nature of the consid-
ered background. It also depends on the quality requirements imposed on the electron objects
themselves. In general, the ”well measured” and the ”badly measured” electrons are likely to
be differently affected by possible fake background sources. Finally, the distinction between
multi clusters and single cluster electron patterns is expected to play an important role in the
separation of electron from ”fake” electrons in QCD jets formed by overlapping particles. A
dedicated study shows that jet from the QCD jet background is found to have a probability of
18.5% to give a ”fake” reconstructed electron with pT in the range from 5 to 50 GeV. The jet
background is discriminated by a precise matching in energy and position between the calori-
meter cluster and the track and by the use of shower shape variables. Indeed, hadron showers
are longer and broader, and subject to larger fluctuations, than electromagnetic showers. The
bremsstrahlung, however, affects the electron identification capability. The electron shower
shape, in particular in the φ projection, appears distorted. On the other hand, the emission of
radiation in the tracker volume is a characteristic almost exclusive to electrons.

Some variables coming from classification improve the electron identification procedure:

• the ratio of energy deposited in the HCAL tower just behind the electromagnetic
seed cluster over the energy of the seed cluster H/E;

• the ratio between the energy sums over 3X3 crystal matrices and the energy sums
over 5X5 crystal matrices Σ9/Σ25, these clusters are centered on the highest energy
crystal (seed crystal) of the seed cluster;

• the shape variable σiηiη defined from the crystals i and the seed crystal s of the seed
cluster σiηiη = ∑crystals(ηi − ηs)2 Ei

Eseedcluster
;

• the shape variable σiφiφ defined from the crystals i and the seed crystal s of the seed
cluster σiφiφ = ∑crystals(φi − φs)2 Ei

Eseedcluster
;

• the energy-momentum matching obtained by matching the corrected supercluster
energy Ecorr with the track momentum pin taken at the closest position from the
nominal vertex;

• the geometrical matching: it is performed taking the track parameters at interaction
vertex (ηin, φin), extrapolating to the ECAL assuming a perfect helix, and match-
ing the resulting (ηextrap, φextrap)to the energy weighted position of the supercluster
(ηsc, φsc): |∆ηin| and |∆φin|;

In the analysis, the object electron has the following features (selections for end cap are in
brackets):

• the electron pseudo rapidity is inside the geometrical regions covered by ECAL de-
tector: |η| < 2.4, /∈ [1.4442, 1.566];
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• the first defined matching variable is |∆φin| < 0.15(0.10);

• the second defined matching variable is |∆ηin| < 0.007(0.009);

• the defined cluster shape covariance variable is σiηiη < 0.01(0.03);

• the energy ratio variable is H/E < 0.12(0.1);

• the conversion rejection parameters is applied to solve electron-photon disambigua-
tion;

• the impact parameter with respect to the primary vertex in the transverse plane is
|d0,pv| < 0.01(0.01) cm;

• the impact parameter is |dz,pv| < 0.2(0.2) cm;

• the difference between the inverse defined quantities Ecorr and pin is | 1
Ecorr

− 1
pin
| <

0.05(0.05);

• the isolation after Delta Beta PU correction in cone size 0.3 is < 0.15(0.15).

These conditions optimize the selection efficiency with respect to the purity.

5.2.9 Variables from objects quantities

The following global event variables are built from the physical objects described in the previ-
ous sub sections, and they will be used in some of the analysis stages:

• the hadron activity variable HT: is the N jets pT sum in the events HT = ∑N
jets=0 pT,

which will be used in the events selection criteria;

• the lepton activity variable LT: is the N leptons pT sum (in the seesaw type III anal-
ysis N=3) LT = ∑N

lepton=0 pT;

• the lepton and Emiss
T transverse mass MT:

MT =
√

(2. ∗ pT[Emiss
T ] ∗ pT[lepton] ∗ (1− cos(φ[lepton]− φ[Emiss

T ])));

• the sum of all objects activity ST: ST = HT + LT + Emiss
T .

The distributions of the above variable will be discussed in Sections 5.6 and 5.9.
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5.2.10 Event graphical visualization

The graphical visualization of event helps to understand the final states topology. A CMS
dedicated tool, called ”cmsShow”, shows the detectors sketch and the reconstructed objects in
events.

Figure 5.2 is related to an observed event, selected in the seesaw type III search in the category
µ+e+µ− (see Section 5.6 for selection stages). Two lines with opposite curvature go from the
interaction point to the muon chamber drawn as rectangles: they represent two muons with
opposite electric charge. A line goes from the interaction point to a circle, that stands for ECAL:
it represents a positron. A line starts from the circle: it shows activity in HCAL and it stands
for a jet. The arrow is a representation of the Emiss

T . The boxes report the pT, η and φ values
associated to each of reconstructed object.

Figure 5.2: CMS experiment observed the event 436461629 on May 25th 2012, selected in the
seesaw type III search.
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5.3 Standard Model background samples
The dominant contribution to the physical backgrounds from SM processes comes from WZ
production (diboson class), ZZ production (diboson class) and triboson class, dominated by
the WWW production. Less important SM processes are also taken into account in the anal-
ysis: WW (diboson class), tt̄, W+jets, Z+jets and DY. Contributions coming from multi-boson
production are irreducible background.

Samples of WW, WZ, and ZZ events of ∼ 10 M events each are produced with PYTHIA gener-
ator [56]. All the leptonic final states were simulated for the Z and W bosons decays. For the
final states into taus, the tau-lepton decays are simulated using the TAUOLA package [75]. The
corresponding cross sections are (24.6 ± 1.7) pb [76] for WZ, (8.4 ± 1.3) pb [77] for ZZ, (69.9 ±
7.0) pb [77] for WW. ZZ is a background source when the Z bosons both decay in l+l−, but one
of the four leptons is missing due to the detector acceptance or inefficiencies.

A WWW sample of ∼ 221 k events is produced with MADGRAPH generator [55]. The corre-
sponding calculated cross section with MC@NLO [78] at NLO is 0.08 pb.

A tt̄ sample of ∼ 12 M events, a W+jets sample of ∼ 58 M events, a Z+jets sample (leptons
invariant mass above 50 GeV) of ∼ 30 M events, and a Drell-Yan sample (leptons invariant
mass between 10 and 50 GeV) of ∼ 38 M events are produced with MADGRAPH generator.
The corresponding cross sections are (25.32 ± 1.34) pb [79] for tt̄, (35,640 ± 560) pb [80] for
W+jets, (3,503 ± 171) pb [80] for Z+jets, and 11,050 pb for DY at LO.

Table 5.2 summarizes the MC information for the samples used in the analysis. The equivalent
luminosity (L) is the ratio between the generated MC events in the sample and the production
cross section σ. The integrated luminosity in the data divided by the equivalent luminosity
gives the luminosity scale factor to be applied as weight on each background distribution. MC
background, MC signal and data events are reconstructed and processed using the same CMS
tools. More details about MC background samples are in the Appendix D.

Table 5.2: MC background samples information at
√

s =8 TeV.

Background σ (pb) equivalent L (fb−1) Reference
WZ 24.6 406.35 measured SMP-12-006 [76]
ZZ 8.4 1,165.27 measured SMP-12-024 [77]

WWW 0.08 2,684.29 generator MC@NLO [78] at NLO
WW 69.9 143.07 measured SMP-12-024 [77]

tt̄ 25.32 504.68 measured TOP-12-007 [79]
W+jets 35,640 1.54 measured SMP-12-011 [80]
Z+jets 3,503 8.69 measured SMP-12-011 [80]

DY 11,050 3.43 generator MADGRAPH at LO
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5.4 Data samples and triggers selection
The analysis is performed on a data sample collected during the 2012 pp collisions data tak-
ing periods listed in Table 5.3. The data sets called ”DoubleEle” (DE), ”DoubleMu” (DM), and
”MuE” (ME) contain the events selected by the dilepton HLT algorithms. The selected HLT
paths are listed in Table 5.4. The events are triggered by two leptons (electrons or muons) ex-
ceeding pT thresholds set at 17 GeV and 8 GeV. On line reconstructed electrons pass quality
checks about calorimetric and track quantities, too. A triggered event could be present in dif-
ferent data sets, so a dedicated selection filter is applied to avoid double counting of events.
More details about data samples are in the Appendix D.

Table 5.3: Data taking run periods in 2012 pp collisions at 8 TeV, and the corresponding inte-
grated luminosity.

Run period Run range number DE Lumi (fb−1) DM Lumi (fb−1) ME Lumi (fb−1)
Run A 190456 - 193621 0.876 0.876 0.876
Run B 193833 - 196531 4.412 4.412 4.412
Run C 198022 - 203742 7.055 7.017 7.055
Run D 203777 - 208686 7.369 7.369 7.360
Total 190456 - 208686 19.710 19.674 19.703

Table 5.4: The selected HLT paths.

HTL paths Version
HLT Ele17 CaloIdT CaloIsoVL TrkIdVL TrkIsoVL Ele8 CaloIdT CaloIsoVL TrkIdVL TrkIsoVL 15,16,17,18,19

HLT Mu17 Mu8 16,17,18,19,21,22

HLT Mu17 Ele8 CaloIdT CaloIsoVL TrkIdVL TrkIsoVL 4,5,6,7,8,9
HLT Mu8 Ele17 CaloIdT CaloIsoVL TrkIdVL TrkIsoVL 4,5,6,7,8,9

The trigger efficiencies for dilepton events with pT above the analysis thresholds, measured
using events collected with hadronic triggers at

√
s = 8 TeV in 2012, are derived according to

Reference [81], and reported in Table 5.5.

Table 5.5: Trigger efficiencies for low pT selection (pT > 10 GeV) and high pT selection (pT > 20
GeV).

Note µµ ee µe
two leptons low pT 0.94±0.06 0.93±0.06 0.93±0.06
two leptons high pT 0.90±0.05 0.92±0.06 0.93±0.06

Looking for three leptons events, it is realistic to suppose that the third lepton could fire the
dilepton trigger at least with one of the first two leptons. The minimum of the two lepton
trigger efficiencies, conservatively reduced by 1 σ, is 85%. The additional trigger probability
due to the third lepton will be 85% times 15%, equal to 13%. The total trigger probability will be
85% plus 13%, equal to 98%. In the analysis, a conservative value of dilepton triggers efficiency
for three leptons events is considered: (98±2)%.
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5.5 Off line events selection
The reconstructed events with the following physics objects in final state are selected, according
with expected signature:

• exactly three charged isolated leptons (electrons or muons);

• the leptons transverse momentum above 20, 10, 10 GeV thresholds, respectively;

• three leptons charge sum = ±1.

The event cleanup and vertex selection procedures are applied on interesting triggered events.
During each bunch crossing, many vertices are produced (PU). Each event has a vertex collec-
tion associated to it that is ordered by the sum of squared track pT. The triggered events are
cleaned up by requiring:

• beam background removal:

if Ntracks ≥ 10, require at least 25% of them to be high purity (see Section 5.2.1);

• at least one good vertex with:

distance from the center of the detector in z direction: |z| < 24 cm;

distance from the center of the detector in the transverse plane: |ρ| < 2 cm;

number of degrees of freedom: N(do f ) > 4;

• hadronic calorimeter barrel and end caps noise filtering.
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5.6 Signal and SM backgrounds characterization
The signal and SM backgrounds characterization drives the choice on the thresholds to be ap-
plied on further physical quantities. The significance, defined by the formula

S = NSignal√
NBackgrounds+NSignal

is used to perform the optimization of background reduction and signal preservation.

The thresholds set is common to all signals, since the optimization process performed sepa-
rately for each mass points does not improve results significantly. The signal at 180 GeV is
selected to perform the study, since it corresponds to the upper limit value determined by CMS
with 2011 data [51].

Figure 5.3 shows the Emiss
T distribution on selected events, and, in the lower plot, the signifi-

cance as a function of Emiss
T . The choice of Emiss

T >50 GeV selection gives about the maximum
significance.
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Figure 5.3: Emiss
T distribution on events after the initial lepton selection. In the lower plot the

significance as a function of Emiss
T , for the reference signal mass of 180 GeV.

Figures 5.4 and 5.5 show the HT distributions on selected events before and after the Emiss
T

selection, respectively. Figures from 5.6 to 5.8 show the b tagging CSV variable distributions for
the jet with the highest pT at three levels of selection: on events after the initial lepton selection,
after the Emiss

T selection step, and after the Emiss
T + HT selection step, respectively. Studies on

HT and on b tagging CSV variable distributions illustrate that selections on these quantities
have less impact on the analysis than the Emiss

T one. However, selections are in place to exclude
background contributions coming from regions where the signal is low (events contribution
below 1 in figures).
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Figure 5.4: HT distribution on events after the initial lepton selection and before Emiss
T selection.

In the lower plot the significance as a function of HT, for the reference signal mass of 180 GeV.
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Figure 5.5: HT distribution on events after the initial lepton and the Emiss
T selections. In the

lower plot the significance as a function of HT, for the reference signal mass of 180 GeV.
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Figure 5.6: Combined Secondary Vertex b tagging variable distribution for leading pT jet after
the initial lepton selection. In the lower plot the significance as a function of CSV b tagging
variable, for the reference signal mass of 180 GeV.
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Figure 5.7: Combined Secondary Vertex b tagging variable distribution for leading pT jet after
the initial lepton and the Emiss

T selections. In the lower plot the significance as a function of CSV
b tagging variable, for the reference signal mass of 180 GeV.
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Figure 5.8: Combined Secondary Vertex b tagging variable distribution for leading pT jet after
the initial lepton, the Emiss

T and the HT selections. In the lower plot the significance as a function
of CSV b tagging variable, for the reference signal mass of 180 GeV.

Emiss
T lower threshold reduces SM background because V+jets and the dibosons events have

less Emiss
T respect to the signal. Selections on HT and on leading pT jet b tagging CSV value

reduce the SM backgrounds, too. No request on total number of jets is applied.

The invariant mass for the OSSF leptons is required to be outside the Z mass peak |m(Z) −
M(ll)| < 15 GeV to reduce the Z+jets background contribution, and to be larger than 12 GeV
to remove the leptonic decay of small mass resonances. Figures 5.9 and 5.10 show the Z peak
of the OSSF invariant mass for electrons and muons, before the Z mass cut.

The asymmetric photon conversions in Z+γ events (Dalitz) are not properly simulated in MC.
The most important contributions, related to the four categories e±e±e∓ and µ±e±µ∓, are re-
moved by the three lepton invariant mass requirement to be outside the Z mass peak |m(Z)−
M(lll)| < 15 GeV. The Dalitz contributions in the other categories are estimated with the data
driven method described in Section 5.7.

In conclusion, the following additional requests are applied to the preselected three leptons
events:

• Emiss
T > 50 GeV;

• HT < 150 GeV (see Section 5.2.9);

• Combined Secondary Vertex b tagging variable value, for leading pT jet, CSV < 0.244
(anti b tag);

• if OSSF pair, Mll > 12 GeV;

• if OSSF pair, Mll < 76 GeV or Mll > 106 GeV (Z veto);

• if OSSF pair, Mlll < 76 GeV or Mlll > 106 GeV only for categories e±e±e∓ and
µ±e±µ∓ (Z Dalitz veto).
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Figure 5.9: Z mass distribution for electrons decay after the initial lepton, the Emiss
T , the HT

and the CSV anti b tagging selections. In the lower plot the difference between the number of
events in data and MC divided by the number of MC events is shown as function of Z mass.
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Figure 5.10: Z mass distribution for muons decay after the initial lepton, the Emiss
T , the HT and

the CSV anti b tagging selections. In the lower plot the difference between the number of events
in data and MC divided by the number of MC events is shown as function of Z mass.
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5.7 Determination of background from asymmetric photon con-
version

Photon conversions in presence of W or Z boson (Vγ) give significant contribution to physical
backgrounds. There are two different types of photon conversions:

• external conversions: a photon radiates in the magnetic field of the detector or in-
teracts with the material in the detector and generates an opposite sign, same flavor
lepton pair (primarily, e+e− pair). The ratio of the rate of external conversions from
this final state radiation to e+e− versus µ+µ− is between 6.0 ∗104 and 2.0 ∗105 [82]. A
selection on the OSSF invariant mass reduces the external conversion contribution.

• internal asymmetric conversions: decays of γ∗ (virtual photon) from final state ra-
diation (FSR) in Z decays, shown in Figure 5.11, in which one of the leptons takes
almost the whole photon energy, while the other lepton is soft and not detected.
Electrons and muons have almost the same probability to be involved. The internal
asymmetric conversions are studied in the following part of this section.

Figure 5.11: Feynman diagram showing a Z decay to electrons and an asymmetric FSR decay
to muons.

The Z+γ initial state radiation (ISR) and the Z → l+l−γ final state radiation are clearly seen in
the data by plotting the M(l+l−γ) mass versus M(l+l−). The ISR band is spread vertically along
the y axis around the Z mass peak on the x axis. The FSR band is spread horizontally along the
x axis around the Z mass peak on the y axis. The three bodies Z peak is an indication that the
photon or the third lepton involved is produced by FSR. If the on resonance Z in OS leptons has
FSR on one of the legs, the dilepton mass is pushed off the Z peak. However, the three bodies
mass M(l+l−γ∗) is still on the Z peak. The scatter plots showing the three bodies invariant mass
versus the two OS muons and electrons invariant mass for the preselected events are shown in
Figures 5.12 and 5.13, respectively.

Internal conversions may not be properly described in the simulation because of low energy
cutoffs for emitted leptons in the MC generator; for this reason, a method to estimate this back-
ground based on data is implemented. The assumption is that the rate for SM processes to

69



-) [GeV]µ+µM(
0 50 100 150 200 250 300

) 
[G

eV
]

µµµ
M

(

0

50

100

150

200

250

300

=8 TeVs   -1CMS Preliminary   L=19.7 fb

Figure 5.12: Scatter plot showing the three muons invariant mass versus the two OS muons
invariant mass for the preselected events.
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Figure 5.13: Scatter plot showing the three bodies (µe+e−) invariant mass versus the two OS
electrons invariant mass for the preselected events.
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produce real photons is proportional to the rate for producing virtual photons that yield asym-
metric conversions. This is justified in the leading-logarithm approximation because the virtual
photon mass spectrum is strongly peaked in the low mass region, which means virtual pho-
tons have kinematics that are very similar to real photons. The conversion rate for producing
a signal lepton via radiation is the ratio of the probability for a photon to produce a valid lep-
ton candidate via asymmetric conversion to the probability for a real photon to pass all of the
selection criteria.

The final state radiation of the Z is used to measure the conversion factors for electrons and
muons.

A set of clean examples of events with final state radiation is selected by examining three-
body masses near the Z peak in channels with both electrons (Figure 5.14 from Reference [82])
and muons (Figure 5.15 from Reference [82]). The ratio of the number of l+l−l± events to
the number of l+l−γ events containing a real photon detected in the apparatus, when the three
bodies invariant mass is consistent with the Z mass, gives a conversion factor C. The conversion
factor is estimated in one control region (idem est preselected events) to have enough three
bodies events. The measured Ce for electrons is (2.1 ± 0.3)%; the measured Cµ for muons is (0.7
± 0.1)% (see Reference [83]). The uncertainties are statistical only. A systematic uncertainty of
50% on these conversion factors is associated to our underlying assumption that the number
of isolated photons is proportional to the number of leptons from asymmetric internal and
external conversions from initial state radiation or final state radiation photons. The conversion
factors Ce and Cµ are used to estimate the background contribution coming from asymmetric
conversions.

The number of real photons in the signal region multiplied by the conversion factor gives the
estimation of the virtual photons in the signal region.

In the four categories where Dalitz contribution is the most relevant, the events are removed by
the three leptons invariant mass veto (see Section 5.6). In the categories µ±µ±e∓ and µ±e±e∓

the Dalitz contribution is estimated, using the conversion factors. Table 5.6 shows the numbers
of Dalitz events with errors. The symbol ”na” stays for not applicable because SSSF leptons are
present. In the categories e±e±e∓ and µ±e±µ∓, the Dalitz background estimation is not used
since, as stated above, the events are removed by the Z Dalitz veto criterion.

Table 5.6: Number of Dalitz events with errors.

Class Events in Z peak C Dalitz Syst. Dalitz events per category
µ±µ±µ∓ 391 0.007±0.001 2.7 ±0.4 (15%) 50% 1.4±0.7 (52%)
e±e±e∓ 360 0.021±0.003 7.6 ±1.2 (15%) 50% not used
µ±µ±e∓ na na na na na
µ±e±µ∓ 1626 0.007±0.001 11.4 ±1.7 (15%) 50% not used
e±e±µ∓ na na na na na
µ±e±e∓ 298 0.021±0.003 6.3 ±1.0 (15%) 50% 3.1±1.6 (52%)
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Figure 5.14: Invariant mass M(l+l−e±) distribution, where M(l+l−) is either < 75 GeV or > 105
GeV.
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Figure 5.15: Invariant mass M(µ+µ−µ±) distribution, where M(µ+µ−) are either < 75 GeV or
> 105 GeV.
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5.8 Determination of non prompt leptons background
A further source of background is due to leptons that do not come from primary interaction
vertex. Non prompt isolated leptons from W, Z, γ or other SM processes are generically indi-
cated as ”fake leptons” in the following. For example, muons from kaons and pions decaying in
flight, electrons or muons from heavy flavor decays are ”fake leptons”. Possible ”fake leptons”
sources are:

• tt̄ where t → Wb. The three leptons in final state come from two W boson decays
W → lν and one b quark semileptonic decay;

• bb̄ where b → Wc → W(Wd) and three W boson decays W → lν;

• WW+jets where a third lepton is fake;

• tt̄W±jets, tt̄WW,tt̄Z where the presence of one or two bosons in addition to tt̄ gives
three leptons in final state, if t decays semileptonically;

• Drell-Yan (γ∗ and Z) and QCD processes with one or more fake leptons.

Lepton isolation criteria reduce the impact of tt̄, bb̄, WW+jets, and QCD processes. Moreover,
the invariant mass of two leptons coming from the same parent b quark is below 12 GeV, and
selection on the OSSF invariant mass reduces the bb̄ background. The tt̄V(V) cross sections are
smaller than other processes, so their contributions are negligible.

The background contribution due to fake leptons is estimated with a data driven method. The
procedure is divided in two steps: first, an average fake rate factor is determined using suitable
control samples, defined below. Secondly, the fake rate is applied to the events selected by the
analysis. The Fake Rate FR is defined as the probability for a loose lepton to pass the tight
identification selection in samples where the presence of prompt isolated leptons is suppressed,
and therefore almost all leptons are candidate fakes. Calling N(A) the number of leptons in the
control sample surviving the ”tight” selections defined in Section 5.2.7 and 5.2.8 (used in the
seesaw analysis) and N(F) the number of leptons surviving the ”loose” selection defined below
(which in the control sample are completely dominated by fake leptons), the FR definition is:

FR =
N(A)
N(F)

.

The loose muons satisfy the following criteria (for comparison, the selections for tight muon,
introduced in Section 5.2.7, are reported again in square brackets):

• the χ2 over number of degree of freedom (normalized χ2) of the global muon track
fit is χ2/ndof < 50 [χ2/ndof < 10];

• the impact parameter with respect to the primary vertex in the transverse plane is
|d0,pv| < 0.2 cm [|d0,pv| < 0.005 cm];

• the isolation, after Delta Beta PU correction, in cone size 0.3 is Iso< 0.40 [Iso< 0.10].

The loose electrons satisfy the following criteria (for comparison, the selections for tight elec-
tron, introduced in Section 5.2.8, are reported again in square brackets):

• the impact parameter with respect to the primary vertex in the transverse plane is
not present [|d0,pv| < 0.01(0.01) cm];

• the isolation, after Delta Beta PU correction, in cone size 0.3 is Iso< 0.60(0.60) [Iso<
0.15(0.15)].

The Fake Rate is measured in a sample dominated by non-prompt leptons, defined by events
satisfying the requirements:
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• to pass an hadronic trigger defined by the presence of at least one jet with pT >60
GeV or a value of the variable HT (see Section 5.2.9) above 200 GeV;

• to pass a the single lepton triggers, with the pT threshold (17 GeV) corresponding to
the highest value in the dilepton triggers used in the analysis;

• to have:

• one lepton and one jet with opposite direction (∆R(l, jet) > 1.0);
• the jet pT > 60 GeV at off line reconstruction level;
• Emiss

T < 20 GeV;
• MT(Emiss

T , pl
T) < 20 GeV;

• if OSSF leptons pair is present, its invariant mass is outside the Z peak
mass region defined as [76;106] GeV.

The last set of requirements reduces the contamination from prompt leptons due to electroweak
processes, such as W or Z production.

FR factors depend on lepton pT threshold. A scan in leptons pT thresholds at two fixed values
of isolation cut is performed both for electrons and muons. Figures 5.16 and 5.17 show the FR
factors results for electron and muon, respectively.
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Figure 5.16: FR factors for electrons, with statistical error, as a function of the lepton pT thresh-
old, for two different values of the electron isolation cut.
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Figure 5.17: FR factors for muons, with statistical error, as a function of the lepton pT threshold,
for two different values of the muon isolation cut.
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Table 5.7 summarizes the Fake Rate measurements. The considered FR is the value resulting
with the analysis selections: pT >10 GeV and Iso<0.10 (0.15) for muons (electrons). Numer-
ator and denominator in FR ratio count hundreds events, so statistical errors are below the
systematic uncertainty estimated to be 50% [84].

Table 5.7: Fake Rate factors measurements for electrons and muons.

lepton pT [GeV] Iso Numerator Denominator FR
Electron >10 0.15 92 303 0.30 ± 0.04 (stat.)
Muon >10 0.10 284 1902 0.15 ± 0.01 (stat.)

The arithmetic mean value, FR(l)=(0.225 ± 0.02), is used in categories where leptons have
different flavors.

In the second step of the fake lepton determination, a sample of three loose leptons, as defined
previously, is used. In this sample, four possible combinations of objects are considered:

• LLL: events with three loose, not-tight leptons; this contribution is dominated by
QCD multilepton events and it is negligible due to the selection requirements;

• TLL: events with two loose, not-tight leptons and one tight lepton; this contribution
is dominated by W+jets events;

• TTL: events with one loose, not-tight lepton and two tight leptons; this contribution
contains Drell Yan+jets, with virtual photon γ∗ and Z boson, and WW+jet events
and is the most important one;

• TTT: events with three tight isolated leptons, which define the signal region for the
seesaw search.

The following assumptions are made: the probability of a lepton to be fake is independent
from the presence of another isolated lepton, and no correlation is considered for the loose-
loose lepton case (TLL). This is justified by the isolation requirement imposed to the leptons.

An estimation of the number of fake leptons in three tight leptons events (TTT) is based on
counts of events in TLL and TTL classes. The contribution from TLL class to the signal sample
NW+jets

TTT is given by the formula

NW+jets
TTT =

FR2

(1− FR)2 ∗ NTLL.

The contribution from TTL class to the signal sample NWW+jet
TTT is given by the formula

NWW+jet,raw
TTT =

FR
1− FR

∗ NTTL,

and
NWW+jet

TTT = NWW+jet,raw
TTT − 2 ∗ NW+jets

TTT .

Note that the method applied on class TTL to TLL class overestimates the background by a
factor two. To account for both the TLL and TTL contributions, the total prediction is the sum
of NW+jets

TTT and NWW+jet
TTT , according to the formula

Totalprediction = NW+jets
TTT + NWW+jet

TTT = NW+jets
TTT + NWW+jet,raw

TTT − 2 ∗ NW+jets
TTT .

Defining the functions f(FR) and g(FR):

• f(FR)=
FR2

(1− FR)2 , to be applied on TLL events number;
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• g(FR)=
FR

1− FR
, to be applied on TTL events number;

the total prediction is given by the formula
Totalprediction = g(FR) ∗ NTTL − f (FR) ∗ NTLL.

The total prediction, based on FR value measured in a sample dominated by non-prompt lep-
tons, estimates the muon and electron fakes within a±50% systematic errors. This is supported
by closure tests on MC samples. The total fake contribution prediction is reported in Table 5.8
for all the categories.

Table 5.8: Number of the fake events with errors for all the categories.

Category TTL TLL Fake events±stat. Syst. Fake events
µ+µ+µ− 25 5 4.26 ±0.48 (11%) 50% 4.26 ±2.18 (51%)
e+e+e− 10 4 3.55 ±0.88 (25%) 50% 3.55 ±1.98 (56%)
µ+µ+e− 23 8 6.00 ±0.68 (11%) 50% 6.00 ±3.08 (51%)
µ+e+µ− 27 20 6.15 ±0.72 (12%) 50% 6.15 ±3.16 (51%)
e+e+µ− 15 10 3.51 ±0.67 (19%) 50% 3.51 ±1.88 (54%)
µ+e+e− 31 16 7.65 ±0.72 (9%) 50% 7.65 ±3.89 (51%)
µ−µ−µ+ 13 5 2.14 ±0.47 (22%) 50% 2.14 ±1.17 (55%)
e−e−e+ 14 3 5.45 ±0.90 (16%) 50% 5.45 ±2.87 (53%)
µ−µ−e+ 18 6 4.72 ±0.67 (14%) 50% 4.72 ±2.45 (52%)
µ−e−µ+ 27 7 7.25 ±0.69 (9%) 50% 7.25 ±3.69 (51%)
e−e−µ+ 21 9 5.34 ±0.68 (13%) 50% 5.34 ±2.75 (52%)
µ−e−e+ 26 17 6.12 ±0.71 (12%) 50% 6.12 ±3.14 (51%)
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5.9 Backgrounds estimation from SM processes
As discussed in the previous sections, SM processes, events with Dalitz pairs and events with
fake leptons are the three background contributions in the search of seesaw type III signature.

Table 5.9 summarizes the SM background contributions reporting only the statistical errors
(percent errors are also reported in brackets). The systematic uncertainties are 6.0% for WZ
[11], 12.0% for ZZ [11], and 50% for WWW processes. The main contribution is due to the
uncertainty on the measured cross sections for diboson processes, and on the NLO theoretical
cross section used for the triboson contribution. Systematic errors are added in quadrature, as
reported in Table 5.10.

Table 5.9: Number of selected events for SM backgrounds with only statistical errors.

Category WZ ZZ WWW Total SM
µ+µ+µ− 7.47±0.60 (8%) 0.88±0.12 (14%) 0.18±0.04 (20%) 8.53±0.62 (7%)
e+e+e− 3.15±0.39 (12%) 0.22±0.06 (28%) 0.13±0.03 (24%) 3.50±0.40 (11%)
µ+µ+e− 0.49±0.15 (32%) 0.12±0.04 (38%) 0.30±0.05 (16%) 0.90±0.17 (18%)
µ+e+µ− 9.55±0.68 (7%) 0.42±0.09 (20%) 0.54±0.06 (12%) 10.52±0.69 (6%)
e+e+µ− 0.78±0.19 (25%) 0.14±0.05 (35%) 0.31±0.05 (15%) 1.22±0.21 (17%)
µ+e+e− 6.06±0.54 (9%) 0.69±0.11 (16%) 0.43±0.06 (13%) 7.19±0.56 (8%)
µ−µ−µ+ 4.61±0.47 (10%) 0.68±0.11 (16%) 0.10±0.03 (27%) 5.39±0.49 (9%)
e−e−e+ 2.47±0.35 (14%) 0.19±0.06 (30%) 0.05±0.02 (38%) 2.71±0.35 (13%)
µ−µ−e+ 0.53±0.16 (30%) 0.05±0.03 (58%) 0.11±0.03 (26%) 0.69±0.17 (24%)
µ−e−µ+ 4.41±0.46 (10%) 0.41±0.08 (20%) 0.22±0.04 (18%) 5.04±0.47 (9%)
e−e−µ+ 0.87±0.21 (24%) 0.03±0.02 (71%) 0.09±0.03 (29%) 1.00±0.21 (21%)
µ−e−e+ 4.36±0.46 (10%) 0.64±0.10 (16%) 0.26±0.04 (17%) 5.27±0.47 (9%)

Table 5.10: Number of selected events for SM backgrounds with total errors.

Category WZ ZZ WWW Total SM
µ+µ+µ− 7.47±0.75 (10%) 0.88±0.16 (18%) 0.18±0.10 (54%) 8.53±0.77 (9%)
e+e+e− 3.15±0.43 (14%) 0.22±0.07 (30%) 0.13±0.07 (55%) 3.50±0.45 (13%)
µ+µ+e− 0.49±0.16 (32%) 0.12±0.05 (40%) 0.30±0.16 (52%) 0.90±0.23 (25%)
µ+e+µ− 9.55±0.89 (9%) 0.42±0.10 (23%) 0.54±0.28 (51%) 10.52±0.94 (9%)
e+e+µ− 0.78±0.20 (26%) 0.14±0.05 (37%) 0.31±0.16 (52%) 1.22±0.26 (21%)
µ+e+e− 6.06±0.65 (11%) 0.69±0.14 (20%) 0.43±0.22 (52%) 7.19±0.70 (10%)
µ−µ−µ+ 4.61±0.55 (12%) 0.68±0.13 (20%) 0.10±0.06 (57%) 5.39±0.57 (10%)
e−e−e+ 2.47±0.38 (15%) 0.19±0.06 (33%) 0.05±0.03 (63%) 2.71±0.38 (14%)
µ−µ−e+ 0.53±0.16 (31%) 0.05±0.03 (59%) 0.11±0.06 (56%) 0.69±0.18 (26%)
µ−e−µ+ 4.41±0.53 (12%) 0.41±0.10 (24%) 0.22±0.12 (53%) 5.04±0.55 (11%)
e−e−µ+ 0.87±0.21 (24%) 0.03±0.02 (72%) 0.09±0.05 (58%) 1.00±0.22 (22%)
µ−e−e+ 4.36±0.53 (12%) 0.64±0.13 (20%) 0.26±0.14 (53%) 5.27±0.56 (11%)

To validate the estimation of the background from SM processes, several distributions of rel-
evant physical variables have been compared between data and MC. Figures from 5.18 up to
5.28 show the distribution of the following variables (see Section 5.2.9 for definitions):

• Emiss
T ;

• HT;

• the CSV b tagging variable for the leading pT jet;
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• LT;

• MT,1, where 1 stays for first lepton in pT;

• MT,2, where 2 stays for second lepton in pT;

• ST;

• the leptons pT (first, second and third);

• the first jet pT.

To preserve significant statistics in the plots, these distributions are shown at the intermediate
stage of selections applied on the preselected events, defined below (see Section 5.6 for com-
parison):

• Emiss
T > 50 GeV;

• HT < 150 GeV;

• CSV b tagging variable value, for leading pT jet, CSV < 0.244 (anti b tag);

• if OSSF pair, Mll > 12 GeV.
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Figure 5.18: Emiss
T distribution after the initial lepton, Emiss

T , HT, anti b tag CSV, and, for OSSF
pair, Mll > 12 GeV selections. In the lower plot the difference between the number of events in
data and MC divided by the number of MC events is shown as function of Emiss

T .

The distributions show a good agreement between data and MC. Dividing events into the dif-
ferent lepton categories, the agreement between data and MC distributions is also good, within
the statistical errors.
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Figure 5.19: HT distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and, for OSSF pair,

Mll > 12 GeV selections. In the lower plot the difference between the number of events in data
and MC divided by the number of MC events is shown as function of HT.
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Figure 5.20: Combined Secondary Vertex b tagging variable distribution for leading pT jet after
the initial lepton, Emiss

T , HT, anti b tag CSV, and, for OSSF pair, Mll > 12 GeV selections. In the
lower plot the difference between the number of events in data and MC divided by the number
of MC events is shown as function of CSV variable.
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Figure 5.21: LT distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and, for OSSF pair,

Mll > 12 GeV selections. In the lower plot the difference between the number of events in data
and MC divided by the number of MC events is shown as function of LT.
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Figure 5.22: MT,1 distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and, if OSSF

pair, Mll > 12 GeV selections. In the lower plot the difference between the number of events in
data and MC divided by the number of MC events is shown as function of MT,1.
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Figure 5.23: MT,2 distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and, for OSSF

pair, Mll > 12 GeV selections. In the lower plot the difference between the number of events in
data and MC divided by the number of MC events is shown as function of MT,2.
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Figure 5.24: ST distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and, for OSSF pair,

Mll > 12 GeV selections. In the lower plot the difference between the number of events in data
and MC divided by the number of MC events is shown as function of ST.
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Figure 5.25: First lepton pT after the initial lepton, Emiss
T , HT, anti b tag CSV, and, for OSSF pair,

Mll > 12 GeV selections. In the lower plot the difference between the number of events in data
and MC divided by the number of MC events is shown as function of pT.
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Figure 5.26: Second lepton pT distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and,

for OSSF pair, Mll > 12 GeV selections. In the lower plot the difference between the number of
events in data and MC divided by the number of MC events is shown as function of pT.
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Figure 5.27: Third lepton pT distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and,

for OSSF pair, Mll > 12 GeV selections. In the lower plot the difference between the number of
events in data and MC divided by the number of MC events is shown as function of pT.
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Figure 5.28: First jet pT distribution after the initial lepton, Emiss
T , HT, anti b tag CSV, and, for

OSSF pair, Mll > 12 GeV selections. In the lower plot the difference between the number of
events in data and MC divided by the number of MC events is shown as function of pT.
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5.10 Discussion of the total background and its systematic uncer-
tainties

SM processes, events with Dalitz pairs and events with fake leptons are the three background
contributions in the search of seesaw type III signature. The agreement between data and
SM MC distributions at the intermediate stage of selections discussed in Section 5.9 is good.
Then, the data driven estimation of Dalitz and fake leptons contributions are added to the
SM background prediction in the signal region. Table 5.11 summarizes the total background
prediction for the different categories.

Table 5.11: Total background contribution with total errors.

Category SM Fake Dalitz Total background
µ+µ+µ− 8.53 4.26 1.37 14.2±2.4 (17%)
e+e+e− 3.50 3.55 not used 7.1±2.0 (28%)
µ+µ+e− 0.90 6.00 na 6.9±3.1 (45%)
µ+e+µ− 10.52 6.15 not used 16.7±3.3 (19%)
e+e+µ− 1.22 3.51 na 4.7±1.9 (39%)
µ+e+e− 7.19 7.65 3.13 18.0±4.3 (23%)
µ−µ−µ+ 5.38 2.14 1.37 8.9±1.5 (16%)
e−e−e+ 2.71 5.45 not used 8.2±2.9 (35%)
µ−µ−e+ 0.69 4.72 na 5.4±2.4 (46%)
µ−e−µ+ 5.04 7.25 not used 12.3±3.7 (30%)
e−e−µ+ 1.00 5.34 na 6.3±2.8 (43%)
µ−e−e+ 5.27 6.12 3.13 14.5±3.6 (24%)

The sensitivity of the analysis is affected by uncertainties that limit the precision with which the
signal and background are known. The systematic uncertainties include the imperfect knowl-
edge of detector effects, such as energy scales, resolution, and event PileUp effects. They also
include the uncertainty on the production cross sections of the relevant processes and the abso-
lute normalization to the data integrated luminosity. Systematic uncertainties are grouped in
three classes related to:

• simulation: PDF knowledge, leptons momentum scale and resolution, jets selection
after the jet energy corrections, Emiss

T scale and resolution, PU effects;

• data versus simulation correction factors: trigger efficiencies, objects reconstruction,
identification, and selection efficiencies;

• background yields from simulation and data driven methods, and integrated lumi-
nosity.

In this analysis, loosely dependent on jet and Emiss
T reconstruction, the systematic uncertainties

related to simulation are found to be negligible with respect to the other contributions.

In the second class of contributions, the dilepton triggers efficiency is 2% (see Section 5.4). The
systematic uncertainties on leptons reconstruction, identification and isolation are common
with other CMS analyses: values, which include the acceptance, are 2.5% for electron and 1.0%
for muon [85]. Details about muon and electron identification and isolation efficiency are given
in Reference [82]. The search of the seesaw type III signature involves three isolated charged
leptons. For categories µ±µ±µ∓ and e±e±e∓ the total efficiency systematic error is conserva-
tively assumed as the sum of the corresponding single one. For the other categories, the sum in
quadrature of SF leptons pair efficiency error and the other lepton efficiency error is considered.
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The sum in quadrature of the different contributions, giving the total systematic uncertainties
related to this class of contributions is reported for each category in Table 5.12.

Table 5.12: Total uncertainty due to trigger, discussed in Section 5.4, and object efficiency sys-
tematic uncertainty, calculated from [80].

Category Trigger Objects efficiency uncertainty Total
µ±µ±µ∓ 0.02 0.030 0.036
e±e±e∓ 0.02 0.075 0.078
µ±µ±e∓ 0.02 0.032 0.038
µ±e±µ∓ 0.02 0.032 0.038
e±e±µ∓ 0.02 0.051 0.055
µ±e±e∓ 0.02 0.051 0.055

In the third class of contributions, the uncertainty on integrated luminosity is 2.5% for 2012 pp
collisions data.

Table 5.13 summarizes the systematic uncertainty contributions related to the different back-
ground sources as discussed in Section 5.7 for Dalitz, in Section 5.8 for fake, in Section 5.9 for
SM processes, and above for luminosity.

Table 5.13: Systematic uncertainties on backgrounds.

Source Value (%)
Dalitz 50
Fake 50
WZ 6
ZZ 12

WWW 50
Luminosity 2.5

88



5.11 MC signal events
The estimation of the MC signal contributions, after selections described in Section 5.6, is rel-
evant for the determination of the limit on the signal cross section or eventually in case of
discovery. The signal is described and studied in detail in Chapter 3. The MC signal sam-
ples are generated by CMS production team using the full simulation tools and the generator
prescriptions detailed in Appendix D (Table D.4).

Table 5.14 summarizes the numbers of surviving signal events involving Σ+ mediator, report-
ing the total statistical and systematics errors (percent errors are also reported in brackets).

Table 5.15 summarizes the numbers of surviving signal events involving Σ− mediator, report-
ing the total statistical and systematics errors (percent errors are also reported in brackets).

Categories related to Σ− mediator have less events than ones to Σ+ mediator, following the
production cross sections trend. The errors consider the statistics and the total uncertainty due
to trigger and object efficiency (Table 5.12). The statistical error, due to the size of the generated
MC samples (each sample has 450000 events), is of the order of 1.5% for all the considered mass
points. The total uncertainty for each category is almost constant in all mass points.

Table 5.14: Expected number of events involving Σ+ mediator at ten mass points, grouped in
categories. Total statistical and systematic errors are reported.

Cat. 140 180 200 220 240
µµµ 14.9 ± 0.6 (3.6%) 5.0 ± 0.2 (3.6%) 3.6 ± 0.1 (3.6%) 2.9 ± 0.1 (3.5%) 2.1 ± 0.07 (3.5%)
eee 6.6 ± 0.5 (8.1%) 2.9 ± 0.2 (8.0%) 2.3 ± 0.2 (7.9%) 1.8 ± 0.1 (7.8%) 1.4 ± 0.1 (7.8%)
µµe 24.4 ± 0.9 (3.6%) 7.6 ± 0.3 (3.7%) 5.1 ± 0.2 (3.6%) 3.5 ± 0.1 (3.6%) 2.5 ± 0.09 (3.6%)
µeµ 28.8 ±1.0 (3.6%) 10.5 ± 0.4 (3.6%) 7.8 ± 0.3 (3.5%) 5.6 ± 0.2 (3.5%) 4.2 ± 0.1 (3.5%)
eeµ 20.8 ±1.1 (5.4%) 6.4 ± 0.4 (5.4%) 4.4 ± 0.2 (5.4%) 3.1 ± 0.2 (5.4%) 2.2 ± 0.1 (5.4%)
µee 28.5 ±1.6 (5.4%) 9.6 ± 0.5 (5.4%) 6.9 ± 0.4 (5.3%) 5.2 ± 0.3 (5.3%) 3.8 ± 0.2 (5.3%)
Cat. 260 280 300 320 340
µµµ 1.6 ± 0.06 (3.5%) 1.2 ± 0.04 (3.5%) 0.93 ± 0.03 (3.4%) 0.72 ± 0.03 (3.4%) 0.54 ± 0.02 (3.4%)
eee 1.1 ± 0.09 (7.8%) 0.84 ± 0.06 (7.8%) 0.65 ± 0.05 (7.8%) 0.50 ± 0.04 (7.7%) 0.39 ± 0.03 (7.7%)
µµe 1.8 ± 0.07 (3.6%) 1.4 ± 0.05 (3.6%) 0.97 ± 0.04 (3.6%) 0.75 ± 0.03 (3.6%) 0.56 ± 0.02 (3.6%)
µeµ 3.2 ± 0.1 (3.5%) 2.4 ± 0.09 (3.5%) 1.77 ± 0.06 (3.5%) 1.37 ± 0.05 (3.5%) 1.04 ± 0.04 (3.5%)
eeµ 1.6 ± 0.09 (5.4%) 1.2 ± 0.06 (5.4%) 0.87 ± 0.05 (5.4%) 0.65 ± 0.04 (5.4%) 0.51 ± 0.03 (5.4%)
µee 2.8 ± 0.1 (5.3%) 2.1 ± 0.1 (5.3%) 1.59 ± 0.09 (5.3%) 1.25 ± 0.07 (5.3%) 0.96 ± 0.05 (5.3%)

In the determination of the limit on the signal cross section, the NNLO cross sections, obtained
with the application of a common k factor (see Section 3.2), are used. The ratio between NNLO
and LO cross sections, estimated with MC signal samples, is about 1.35 at ∼ 400 GeV (see Table
1 in Reference [86]), the energy scale compatible with the seesaw type III search.
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Table 5.15: Expected number of events involving Σ− mediator at ten mass points, grouped in
categories. Total statistical and systematic errors are reported.

Cat. 140 180 200 220 240
µµµ 5.8 ±0.2 (3.8%) 2.48 ± 0.09 (3.6%) 1.81 ± 0.07 (3.5%) 1.33 ± 0.05 (3.5%) 0.98 ± 0.04 (3.5%)
eee 2.4 ±0.2 (8.3%) 1.4 ± 0.1 (7.9%) 1.14 ± 0.09 (7.9%) 0.86 ± 0.07 (7.8%) 0.65 ± 0.05 (7.8%)
µµe 9.8 ±0.4 (3.7%) 3.8 ± 0.1 (3.6%) 2.46 ± 0.09 (3.6%) 1.62 ± 0.06 (3.6%) 1.12 ± 0.04 (3.6%)
µeµ 11.0 ±0.4 (3.7%) 5.4 ± 0.2 (3.6%) 3.8 ± 0.1 (3.5%) 2.67 ± 0.1 (3.5%) 1.90 ± 0.07 (3.5%)
eeµ 8.3 ±0.5 (5.5%) 3.2 ± 0.2 (5.4%) 2.1 ± 0.1 (5.4%) 1.41 ± 0.08 (5.4%) 0.98 ± 0.05 (5.4%)
µee 11.2 ±0.6 (5.4%) 4.9 ± 0.3 (5.4%) 3.5 ± 0.2 (5.3%) 2.37 ± 0.1 (5.3%) 1.74 ± 0.09 (5.3%)
Cat. 260 280 300 320 340
µµµ 0.71 ± 0.03 (3.5%) 0.54 ± 0.02 (3.4%) 0.39 ± 0.01 (3.4%) 0.29 ± 0.01 (3.4%) 0.23 ± 0.01 (3.4%)
eee 0.48 ± 0.04 (7.8%) 0.38 ± 0.03 (7.7%) 0.27 ± 0.02 (7.7%) 0.20 ± 0.02 (7.7%) 0.17 ± 0.01 (7.7%)
µµe 0.78 ± 0.03 (3.6%) 0.60 ± 0.02 (3.6%) 0.42 ± 0.01 (3.6%) 0.31 ± 0.01 (3.6%) 0.24 ± 0.01 (3.6%)
µeµ 1.39 ± 0.05 (3.5%) 1.06 ± 0.04 (3.5%) 0.76 ± 0.03 (3.5%) 0.57 ± 0.02 (3.5%) 0.46 ± 0.01 (3.5%)
eeµ 0.70 ± 0.04 (5.4%) 0.52 ± 0.03 (5.4%) 0.37 ± 0.02 (5.4%) 0.27 ± 0.01 (5.4%) 0.22 ± 0.01 (5.4%)
µee 1.23 ± 0.07 (5.3%) 0.95 ± 0.05 (5.3%) 0.69 ± 0.04 (5.3%) 0.51 ± 0.03 (5.3%) 0.41 ± 0.02 (5.3%)
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Chapter 6

Analysis results and their interpretation

At the end of the analysis flow, the comparison between background and data gives the results
for seesaw type III search performed in a ”cut and count” experiment, using the twelve three
leptons categories discussed in Chapter 5.

The analysis, which shows no evidence for seesaw type III model signal, sets limits on the
production cross sections times the branching ratio of the considered process. Exclusion limits
between combined channels are calculated at the 95% CL (Confidence Level) by employing the
CL95 technique in the RooStats implementation [87], using Bayesian statistics and a flat prior
for the signal production cross sections. The values of cross sections times branching ratio are
translated in the corresponding lower limits on seesaw type III mediators mass.

6.1 Results on events yield
Table 6.1 compares the number of events observed in 2012 data and the number of total ex-
pected background events, with detailed contributions list.

Table 6.1: Background and data comparison, with detailed contributions list.

Category SM Fake Dalitz Total back Data
µ+µ+µ− 8.53 4.26 1.37 14.2±2.4 (17%) 22
e+e+e− 3.50 3.55 not used 7.1±2.0 (28%) 8
µ+µ+e− 0.90 6.00 na 6.9±3.1 (45%) 4
µ+e+µ− 10.52 6.15 not used 16.7±3.3 (19%) 17
e+e+µ− 1.22 3.51 na 4.7±1.9 (39%) 4
µ+e+e− 7.19 7.65 3.13 18.0±4.3 (23%) 12
µ−µ−µ+ 5.38 2.14 1.37 8.9±1.5 (16%) 11
e−e−e+ 2.71 5.45 not used 8.2±2.9 (35%) 7
µ−µ−e+ 0.69 4.72 na 5.4±2.4 (46%) 2
µ−e−µ+ 5.04 7.25 not used 12.3±3.7 (30%) 11
e−e−µ+ 1.00 5.34 na 6.3±2.8 (43%) 1
µ−e−e+ 5.27 6.12 3.13 14.5±3.6 (24%) 9

Table 6.2 reports the expected event yield from total background, the number of observed
events in the data, and the expected seesaw signal event yield for flavor democratic scenario
(see Section 2.4), in each of the six categories for two signs. The number of data events observed
in all the categories is consistent with the number of predicted background events. The larger
difference is the deficit of real events in the e−e−µ+ category.

No signal is found in the data within the sensitivity of the analysis. The results are interpreted
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giving the cross sections times the branching ratio of the Σ mediators needed to obtain the
exclusion limits at 95 % confidence level, as discussed in detail in the following section. The
mass region where the expected cross section is larger than the observed limit gives the mass
exclusion limit.

Table 6.2: Background and data and signal events.

Category Total back Data 140 180 200 220 240 260 280 300 320 340
µ+µ+µ− 14.2±2.4 (17%) 22 14.9 5.0 3.6 2.8 2.1 1.6 1.2 0.9 0.7 0.6
e+e+e− 7.1±2.0 (28%) 8 6.6 2.9 2.3 1.8 1.4 1.1 0.8 0.7 0.5 0.4
µ+µ+e− 6.9±3.1 (45%) 4 24.4 7.6 5.1 3.5 2.5 1.8 1.3 1.0 0.7 0.6
µ+e+µ− 16.7±3.3 (19%) 17 28.8 10.5 7.8 5.6 4.2 3.2 2.4 1.8 1.4 1.0
e+e+µ− 4.7±1.9 (39%) 4 20.8 6.4 4.4 3.0 2.2 1.6 1.2 0.9 0.7 0.5
µ+e+e− 18.0±4.3 (23%) 12 28.5 9.6 6.9 5.2 3.8 2.8 2.1 1.6 1.3 1.0
µ−µ−µ+ 8.9±1.5 (16%) 11 5.8 2.5 1.8 1.3 1.0 0.7 0.5 0.4 0.3 0.2
e−e−e+ 8.2±2.9 (35%) 7 2.4 1.4 1.1 0.9 0.7 0.5 0.4 0.3 0.2 0.2
µ−µ−e+ 5.4±2.4 (46%) 2 9.8 3.8 2.5 1.6 1.1 0.8 0.6 0.4 0.3 0.2
µ−e−µ+ 12.3±3.7 (30%) 11 11.0 5.4 3.8 2.7 1.9 1.4 1.1 0.8 0.6 0.5
e−e−µ+ 6.3±2.8 (43%) 1 8.3 3.2 2.1 1.4 1.0 0.7 0.5 0.4 0.3 0.2
µ−e−e+ 14.5±3.6 (24%) 9 11.2 4.9 3.5 2.4 1.7 1.2 1.0 0.7 0.5 0.4

6.2 Statistical approach
Seesaw type III search is a counting experiment, with one signal and three background con-
tributions (SM processes, Dalitz and fakes). CMS Higgs Combined Limit Analysis Toolkit [88]
is used to set limits. The tool gives stable results for low background (order of 10-20 events)
searches. In the toolkit, the Bayesian method with MarkovChainMC algorithm [89], based on
RootStats package [87], is chosen according to the CMS statistical committee suggestions. The
MarkovChainMC algorithm computes the Bayesian observed limit using MC integration. For
each channel, nuisance parameters are defined to describe the systematic signal uncertainty,
the systematic background uncertainty as well as the statistical uncertainties in background
and signal. The data cards are produced in a way such that the correlations are taken into ac-
count properly. Nuisance parameters are treated with the Log-normal parametrization. The
Asymptotic likelihood method computes the expected limit and the uncertainty bands at 1 and
2 standard deviation(s) (σ).
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6.3 Exclusion limits
Limits are set on the cross section production times the decay branching fraction (BR) of the
supposed seesaw type III signal as a function of the mediators mass. Combination takes into
account all categories. For each category the considered input values to the limit computation
are:

• the number of events for signal, SM backgrounds, fake and Dalitz backgrounds;

• the six background uncertainties, as reported in Table 5.13;

• the total uncertainty due to trigger and object efficiency systematic uncertainty, as
reported in Table 5.12.

The uncertainty values on signals are calculated for mass 180 GeV, sign +, and assumed to be
constant (see Section 5.11). When combining the different categories with the same total charge,
the systematic errors on the SM backgrounds are considered fully correlated; the systematic
errors due to fake and Dalitz events are considered uncorrelated.

Figures 6.1 and 6.2 show the seesaw type III results for Σ+ and Σ− particles, respectively. The
solid blue line corresponds to the seesaw triplet production cross section at NNLO × BR. The
light and dark shaded areas represent respectively the one and two standard deviation(s) (σ)
limits on the expected results (dashed line) obtained from MC pseudo experiments. These
uncertainties reflect the combined statistical and systematic SM contributions, assuming for
the signal flavor the democratic scenario with Vα = 10−6 (see Section 2.4).
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Figure 6.1: The expected and observed exclusion limits at 95% confidence on σ× BR as a func-
tion of the Σ+ mass. The light and dark shaded areas represent respectively the 1 standard devi-
ation (σ) and 2 standard deviation (σ) limits on the expected results (dashed line) obtained from
MC pseudo experiments. These uncertainties reflect the combined statistical and systematic SM
contributions, assuming for the signal the flavor democratic scenario be = bµ = bτ = 1/3.
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Figure 6.2: The expected and observed exclusion limits at 95% confidence on σ× BR as a func-
tion of the Σ− mass. The light and dark shaded areas represent respectively the 1 standard devi-
ation (σ) and 2 standard deviation (σ) limits on the expected results (dashed line) obtained from
MC pseudo experiments. These uncertainties reflect the combined statistical and systematic SM
contributions, assuming for the signal the flavor democratic scenario be = bµ = bτ = 1/3.
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Tables 6.3 and 6.4 summarize the information coming out from the exclusion plots. The ex-
tracted upper limits at 95 % confidence level on cross sections × BR of Σ±Σ0 to three charged
lepton final states in fb are reported. They are translated into lower limit on the corresponding
seesaw mediator mass.

Table 6.3: Expected and observed upper limits at 95% CL on σ×BR and their translation in
lower limits at 95% CL for the mediator Σ+ mass in the flavor democratic scenario.

95% on σ× BR (fb) 95% on MΣ+ GeV
Exp. Obs. Exp. Obs.
19 19 230 240

Table 6.4: Expected and observed upper limits at 95% CL on σ×BR and their translation in
lower limits at 95% CL for the mediator Σ− mass in the flavor democratic scenario.

95% on σ× BR (fb) 95% on MΣ− GeV
Exp. Obs. Exp. Obs.
16 8 200 240

The mass limit for the negative charge triplet is expected to be lower with respect to the positive
charge because signal and SM background cross sections scale down of ∼ 50 %, while fake and
Dalitz background events are independent on the charge sum of the three leptons in final states.

Limit is an update of what CMS obtained at 7 TeV with 2011 data [51] for Σ+. For the first time,
limit is set on Σ−, too.

6.4 Interpretation of results
Theorists propose a comparative review of seesaw signals at LHC experiments (see Reference
[52]) with emphasis on multilepton final states and remark that some seesaw variants of the
general model are not covered yet. Table 6.5 summarizes the status of the experimental knowl-
edge, as observed in ATLAS [90] and CMS.

Table 6.5: Seesaw type III search status.

Way ATLAS at 8 TeV [91] CMS at 7 TeV [51] CMS at 8 TeV [92]
final state at least 4 charged leptons 3 charged leptons 3 charged leptons

total charge not defined +1 ±1
channel only Z to ll several diagrams several diagrams

mass range (120-500) GeV (120-200) GeV (140-340) GeV
tau coupling negligible valued valued

scenarios 1 3 1
data sample 2012 data partial only 2011 data 2012 all data
mass point 6 5 10 per sign

results no excess no excess no excess
interpretations 245 GeV 179 GeV 240 GeV

They give a critical summary of current experimental limits and suggest also new possible
signatures and many interesting final states are not yet investigated. There are final states with
one up to six charged leptons and different decay channels. Table 6.6 summarizes the seesaw
mechanism searches status.
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Table 6.6: Seesaw searches status. ”ns” stays for not searched, ”na” not applicable.

model l± l+l− l±l± l±l+l− l+l+l−l− l±l±l+l−

type I ns ns ATLAS,CMS ns na na
type I inverse ns ns na ns na na

type I LeftRight ns ATLAS ATLAS,CMS ns na na
type I LeftRight inverse ns ATLAS na ns na na

type I Z′ ns ns ns ns ns na
type I Z′ inverse ns ns na ns ns na
type II (large Y) ns ns ATLAS ATLAS, CMS CMS na
type II (small Y) ns ns ns ns ns na

type III ns ns CMS ATLAS ATLAS ns
type III inverse ns ns ns ns ns ns

In the seesaw signal zoo, the search reported in this thesis is dedicated for type III normal
mode in pair production without extra particles and considering final states with exactly three
charged leptons produced via W and Z bosons decays. Limits reported in Tables 6.3 and 6.4 are
measured in the flavor democratic scenario (see Section 2.4). It is possible to present general
limits for seesaw type III normal mode, fixing flavor structure and let MΣ arbitrary. The work
on this final aspect of the analysis is still on going, in collaboration with theoreticians. The
goal is to present also the interpretation of results in the way described in detail in Reference
[52], where CMS seesaw type III limit value obtained with 2011 data at 7 TeV is used. This
interpretation will be included in a future CMS publication.
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Conclusion

The thesis has reported the analysis performed for the search of seesaw mechanism involving
heavy fermion weak triplets mediators (type III). The signal is build in simplified model, for
ten mediators mass values, from 140 GeV to 340 GeV, and with the mixing angles related to
Yukawa couplings with all standard leptons at the ”natural” value 10−6 . Signal production
cross sections range from 122 fb for mediator positive charged at 140 GeV to 9 fb for mediator
negative charged at 340 GeV. The data used for the analysis, corresponding to a total integrated
luminosity of 19.7 f b−1, were taken during the 2012 LHC operations with HLT dilepton trig-
gers. The signal search has been performed looking for final states with three charged isolated
leptons, jets and missing transverse energy. The major background contribution is given by
SM processes, such as WZ and ZZ and WWW bosons production. Two background were ob-
tained from data-driven methods to estimate photon asymmetric conversions (Dalitz) and non
prompt leptons (Fake). The number of data events observed in all the categories is consistent
with the number of predicted background events. No signal is found in the data within the sen-
sitivity of the analysis. The results are interpreted giving the upper limits, at 95% confidence
level, to the heavy fermion weak triplet mediators in the seesaw mechanism (type III model)
cross sections times the branching ratio of the Σ mediators. Limits are set in flavor democratic
scenario with natural mixing value of the Yukawa couplings Ve = Vτ = Vµ = 10−6 = Vα: ob-
served values are 19 fb for positive charged mediator, and 8 fb for negative charged mediator.
The lower limit on mediators mass, at 95% confidence level, is observed at value MΣ = 240
GeV.

The results with 8 TeV improve the limit on the positive charged mediator mass reported by
CMS analysis at 7 TeV and, for the first time, explore the negative charged mediator.

Next LHC step, center of mass energy increased from 8 to 13 TeV in 2015, open new interesting
possibilities to discover the seesaw type III mechanism or to increase the exclusion limit value
of mediators mass.
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Appendix A

Definitions

Natural units are used (h=c=1). Energy is expressed in eV.

Discussing the physical dimensions of the detector, Cartesian coordinates are used, where x
points inwards to the center of the accelerator, y is positive in the upwards vertical direction
and z is aligned along the beam pipe (pointing towards the Jura mountains). The kinematics of
physical events and certain aspects of the detector are discussed in terms of the coordinate sys-
tem (η; φ; z). In the previous system, z is defined as in the Cartesian system and the azimuthal
angle, φ, is given by: φ = arctan[ y

x ]. The pseudo rapidity, η, is defined as η = ln[tan( θ
2 )], where

θ is the polar angle θ = arctan[
√

(x2+y2)
z ].
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Appendix B

MADGRAPH cards

Parameter card for mass 180 GeV is reported. The other nine are similar. Process card for sign +
is reported. Charge conjugation operator gives the card for sign -. Process card has 6 processes
because processes with H boson are excluded. Run card is unique for all the production sample.

**********************************************************************
** PARAM CARD AUTOMATICALY GENERATED BY MG5 FOLLOWING UFO MODEL ****
**********************************************************************
** **
** Width set on Auto will be computed following the information **
** present in the decay.py files of the model. By default, **
** this is only 1to2 decay modes. **
** **
**********************************************************************

***********************************
** INFORMATION FOR CKMBLOCK
***********************************
Block ckmblock
1 0.000000e+00 * cabi
2 0.000000e+00 * theta13
3 0.000000e+00 * theta12
4 0.000000e+00 * theta23

***********************************
** INFORMATION FOR MASS
***********************************
Block mass
1 5.040000e-03 * MD
2 2.550000e-03 * MU
3 1.040000e-01 * MS
4 1.420000e+00 * MC
5 4.700000e+00 * MB
6 1.743000e+02 * MT
11 5.110000e-04 * Me
13 1.056600e-01 * MM
15 1.777000e+00 * MTA
23 9.118800e+01 * MZ
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25 1.253000e+02 * MH
8000018 1.800000e+02 * Mtr0
8000020 1.800000e+02 * Mtrch
** Dependent parameters, given by model restrictions.
** Those values should be edited following the
** analytical expression. MG5 ignores those values
** but they are important for interfacing the output of MG5
** to external program such as Pythia.
21 0.000000 * g : 0.0
22 0.000000 * a : 0.0
24 79.825164 * w+
8000012 0.000000 * v1 : 0.0
8000014 0.000000 * v2 : 0.0
8000016 0.000000 * v3 : 0.0
***********************************
** INFORMATION FOR MIXING
***********************************
Block mixing
1 1.000000e-06 * Ve
2 1.000000e-06 * Vm
3 1.000000e-06 * Vtt

***********************************
** INFORMATION FOR NEWMASSES
***********************************
Block newmasses
1 0.000000e+00 * mv1
2 0.000000e+00 * mv2
3 0.000000e+00 * mv3
4 1.800000e+02 * mtr
5 1.800000e+02 * mtrm

***********************************
** INFORMATION FOR SMINPUTS
***********************************
Block sminputs
1 1.279000e+02 * aEWM1
2 1.166390e-05 * Gf
3 1.180000e-01 * aS

***********************************
** INFORMATION FOR YUKAWA
***********************************
Block yukawa
4 0.000000e+00 * ymc
5 4.700000e+00 * ymb
6 1.743000e+02 * ymt
13 0.000000e+00 * yme
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14 0.000000e+00 * ymm
15 0.000000e+00 * ymtau

***********************************
** INFORMATION FOR DECAY
***********************************
*DECAY 4 1.000000e-01 * WC
*DECAY 5 1.000000e-01 * WB
*DECAY 6 1.508336e+00 * WT
*DECAY 15 1.000000e-01 * Wtau
*DECAY 23 2.441404e+00 * WZ
*DECAY 24 2.047600e+00 * WW
*DECAY 25 5.753088e-03 * WH
*DECAY 8000018 3.600000e-12 * Wtr0
*DECAY 8000020 3.600000e-12 * Wtrch
** Dependent parameters, given by model restrictions.
** Those values should be edited following the
** analytical expression. MG5 ignores those values
** but they are important for interfacing the output of MG5
** to external program such as Pythia.
*DECAY 1 0.000000 * d : 0.0
*DECAY 2 0.000000 * u : 0.0
*DECAY 3 0.000000 * s : 0.0
*DECAY 11 0.000000 * e- : 0.0
*DECAY 13 0.000000 * mu- : 0.0
*DECAY 21 0.000000 * g : 0.0
*DECAY 22 0.000000 * a : 0.0
*DECAY 8000012 0.000000 * v1 : 0.0
*DECAY 8000014 0.000000 * v2 : 0.0
*DECAY 8000016 0.000000 * v3 : 0.0

***********************************
** INFORMATION FOR DECAY
***********************************
DECAY 8000002 0.00000000e+00 * T1 decays
* BR NDA ID1 ID2
*
DECAY 25 5.4039e-03 * h decays
* BR NDA ID1 ID2
0.00000000e+00 2 -11 11 * BR(h to e+ e- )
0.00000000e+00 2 -11 13 * BR(h to e+ m- )
0.00000000e+00 2 -11 15 * BR(h to e+ tt- )
0.00000000e+00 2 -13 11 * BR(h to m+ e- )
0.00000000e+00 2 -13 13 * BR(h to m+ m- )
0.00000000e+00 2 -13 15 * BR(h to m+ tt- )
0.00000000e+00 2 -15 11 * BR(h to tt+ e- )
0.00000000e+00 2 -15 13 * BR(h to tt+ m- )
0.00000000e+00 2 -15 15 * BR(h to tt+ tt- )
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0.00000000e+00 2 8000012 8000012 * BR(h to v1 v1 )
0.00000000e+00 2 8000014 8000012 * BR(h to v2 v1 )
0.00000000e+00 2 8000014 8000014 * BR(h to v2 v2 )
0.00000000e+00 2 8000016 8000012 * BR(h to v3 v1 )
0.00000000e+00 2 8000016 8000014 * BR(h to v3 v2 )
0.00000000e+00 2 8000016 8000016 * BR(h to v3 v3 )
1.00000000e+00 2 -5 5 * BR(h to b b )
0.00000000e+00 2 -4 4 * BR(h to c c )
0.00000000e+00 2 -1 1 * BR(h to d d )
0.00000000e+00 2 -3 3 * BR(h to s s )
0.00000000e+00 2 -2 2 * BR(h to u u )
*
DECAY 6 1.54424720e+00 * t decays
* BR NDA ID1 ID2
1.00000000e+00 2 5 24 * BR(t to b w+ )
0.00000000e+00 2 1 24 * BR(t to d w+ )
0.00000000e+00 2 3 24 * BR(t to s w+ )
*
DECAY 8000020 1.6651e-11 * tr- decays
* BR NDA ID1 ID2
9.61000000e-02 2 11 23 * BR(tr- to e- z )
9.61000000e-02 2 13 23 * BR(tr- to m- z )
9.61000000e-02 2 15 23 * BR(tr- to tt- z )
2.01000000e-01 2 8000012 -24 * BR(tr- to v1 w- )
2.01000000e-01 2 8000014 -24 * BR(tr- to v2 w- )
2.01000000e-01 2 8000016 -24 * BR(tr- to v3 w- )
3.05300000e-02 2 11 25 * BR(tr- to e- h )
3.05300000e-02 2 13 25 * BR(tr- to m- h )
3.05300000e-02 2 15 25 * BR(tr- to tt- h )
*
DECAY -8000020 1.6651e-11 * tr+ decays
* BR NDA ID1 ID2
9.61000000e-02 2 -11 23 * BR(tr+ to e+ z )
9.61000000e-02 2 -13 23 * BR(tr+ to m+ z )
9.61000000e-02 2 -15 23 * BR(tr+ to tt+ z )
2.01000000e-01 2 8000012 24 * BR(tr+ to v1 w+ )
2.01000000e-01 2 8000014 24 * BR(tr+ to v2 w+ )
2.01000000e-01 2 8000016 24 * BR(tr+ to v3 w+ )
3.05300000e-02 2 -11 25 * BR(tr+ to e+ h )
3.05300000e-02 2 -13 25 * BR(tr+ to m+ h )
3.05300000e-02 2 -15 25 * BR(tr+ to tt+ h )
*
DECAY 8000018 1.6651e-11 * tr0 decays
* BR NDA ID1 ID2
9.61000000e-02 2 8000012 23 * BR(tr0 to v1 z )
9.61000000e-02 2 8000014 23 * BR(tr0 to v2 z )
9.61000000e-02 2 8000016 23 * BR(tr0 to v3 z )
1.03360000e-01 2 -11 -24 * BR(tr0 to e+ w- )
1.03360000e-01 2 -13 -24 * BR(tr0 to m+ w- )
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1.03360000e-01 2 -15 -24 * BR(tr0 to tt+ w- )
1.03360000e-01 2 11 24 * BR(tr0 to e- w+ )
1.03360000e-01 2 13 24 * BR(tr0 to m- w+ )
1.03360000e-01 2 15 24 * BR(tr0 to tt- w+ )
3.05300000e-02 2 8000012 25 * BR(tr0 to v1 h )
3.05300000e-02 2 8000014 25 * BR(tr0 to v2 h )
3.05300000e-02 2 8000016 25 * BR(tr0 to v3 h )
*
DECAY 8000012 0.00000000e+00 * v1 decays
* BR NDA ID1 ID2
*
DECAY 8000014 0.00000000e+00 * v2 decays
* BR NDA ID1 ID2
*
DECAY 8000016 0.00000000e+00 * v3 decays
* BR NDA ID1 ID2
*
DECAY 24 2.0026e+00 * w+ decays
* BR NDA ID1 ID2
1.11158273e-01 2 8000012 -11 * BR(w+ to v1 e+ )
0.00000000e+00 2 8000014 -11 * BR(w+ to v2 e+ )
0.00000000e+00 2 8000016 -11 * BR(w+ to v3 e+ )
0.00000000e+00 2 8000012 -13 * BR(w+ to v1 m+ )
1.11158273e-01 2 8000014 -13 * BR(w+ to v2 m+ )
0.00000000e+00 2 8000016 -13 * BR(w+ to v3 m+ )
0.00000000e+00 2 8000012 -15 * BR(w+ to v1 tt+ )
0.00000000e+00 2 8000014 -15 * BR(w+ to v2 tt+ )
1.11158273e-01 2 8000016 -15 * BR(w+ to v3 tt+ )
0.00000000e+00 2 4 -5 * BR(w+ to c b )
0.00000000e+00 2 2 -5 * BR(w+ to u b )
0.00000000e+00 2 4 -1 * BR(w+ to c d )
3.33275074e-01 2 2 -1 * BR(w+ to u d )
3.33275074e-01 2 4 -3 * BR(w+ to c s )
0.00000000e+00 2 2 -3 * BR(w+ to u s )
*
DECAY -24 2.0026e+00 * w- decays
* BR NDA ID1 ID2
1.11158273e-01 2 11 8000012 * BR(w- to e- v1 )
0.00000000e+00 2 11 8000014 * BR(w- to e- v2 )
0.00000000e+00 2 11 8000016 * BR(w- to e- v3 )
0.00000000e+00 2 13 8000012 * BR(w- to m- v1 )
1.11158273e-01 2 13 8000014 * BR(w- to m- v2 )
0.00000000e+00 2 13 8000016 * BR(w- to m- v3 )
0.00000000e+00 2 15 8000012 * BR(w- to tt- v1 )
0.00000000e+00 2 15 8000014 * BR(w- to tt- v2 )
1.11158273e-01 2 15 8000016 * BR(w- to tt- v3 )
0.00000000e+00 2 5 -4 * BR(w- to b c )
0.00000000e+00 2 1 -4 * BR(w- to d c )
3.33275074e-01 2 3 -4 * BR(w- to s c )
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0.00000000e+00 2 5 -2 * BR(w- to b u )
3.33275074e-01 2 1 -2 * BR(w- to d u )
0.00000000e+00 2 3 -2 * BR(w- to s u )
*
DECAY 23 2.411e+00 * z decays
* BR NDA ID1 ID2
3.45411110e-02 2 11 -11 * BR(z to e- e+ )
3.45411110e-02 2 13 -13 * BR(z to m- m+ )
3.45411110e-02 2 15 -15 * BR(z to tt- tt+ )
0.00000000e+00 2 13 -11 * BR(z to m- e+ )
0.00000000e+00 2 15 -11 * BR(z to tt- e+ )
0.00000000e+00 2 11 -13 * BR(z to e- m+ )
0.00000000e+00 2 15 -13 * BR(z to tt- m+ )
0.00000000e+00 2 11 -15 * BR(z to e- tt+ )
0.00000000e+00 2 13 -15 * BR(z to m- tt+ )
6.87919610e-02 2 8000012 8000012 * BR(z to v1 v1 )
0.00000000e+00 2 8000014 8000012 * BR(z to v2 v1 )
0.00000000e+00 2 8000016 8000012 * BR(z to v3 v1 )
6.87919610e-02 2 8000014 8000014 * BR(z to v2 v2 )
0.00000000e+00 2 8000016 8000014 * BR(z to v3 v2 )
6.87919610e-02 2 8000016 8000016 * BR(z to v3 v3 )
1.50438357e-01 2 5 -5 * BR(z to b b )
1.17680280e-01 2 4 -4 * BR(z to c c )
1.52096994e-01 2 1 -1 * BR(z to d d )
1.52096994e-01 2 3 -3 * BR(z to s s )
1.17846144e-01 2 2 -2 * BR(z to u u )
*

*===========================================================
* QUANTUM NUMBERS OF NEW STATE(S) (NON SM PDG CODE)
*===========================================================

Block QNUMBERS 8000012 * v1
1 0 * 3 times electric charge
2 2 * number of spin states (2S+1)
3 1 * colour rep (1: singlet, 3: triplet, 8: octet)
4 0 * Particle/Antiparticle distinction (0=own anti)
Block QNUMBERS 8000014 * v2
1 0 * 3 times electric charge
2 2 * number of spin states (2S+1)
3 1 * colour rep (1: singlet, 3: triplet, 8: octet)
4 0 * Particle/Antiparticle distinction (0=own anti)
Block QNUMBERS 8000016 * v3
1 0 * 3 times electric charge
2 2 * number of spin states (2S+1)
3 1 * colour rep (1: singlet, 3: triplet, 8: octet)
4 0 * Particle/Antiparticle distinction (0=own anti)
Block QNUMBERS 8000018 * tr0

114



1 0 * 3 times electric charge
2 2 * number of spin states (2S+1)
3 1 * colour rep (1: singlet, 3: triplet, 8: octet)
4 0 * Particle/Antiparticle distinction (0=own anti)
Block QNUMBERS 8000020 * tr-
1 -3 * 3 times electric charge
2 2 * number of spin states (2S+1)
3 1 * colour rep (1: singlet, 3: triplet, 8: octet)
4 1 * Particle/Antiparticle distinction (0=own anti)

**********************************************************************
* MadGraph/MadEvent *
* http://madgraph.hep.uiuc.edu *
* *
* run card.dat *
* *
* This file is used to set the parameters of the run. *
* *
* Some notation/conventions: *
* *
* Lines starting with a ’* ’ are info or comments *
* *
* mind the format: value = variable ! comment *
**********************************************************************
*
********************
* Running parameters
********************
* **********************************************************************
* Tag name for the run (one word) *
**********************************************************************
seesaw = run tag ! name of the run
**********************************************************************
* Run to generate the grid pack *
**********************************************************************
.false. = gridpack !True = setting up the grid pack
**********************************************************************
* Number of events and rnd seed *
* Warning: Do not generate more than 1M events in a single run *
* If you want to run Pythia, avoid more than 50k events in a run. *
**********************************************************************
1000000 = nevents ! Number of unweighted events requested
0 = iseed ! rnd seed (0=assigned automatically=default))
**********************************************************************
* Collider type and energy *
* lpp: 0=No PDF, 1=proton, -1=antiproton, 2=photon from proton, *
* 3=photon from electron *
**********************************************************************
1 = lpp1 ! beam 1 type
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1 = lpp2 ! beam 2 type
4000 = ebeam1 ! beam 1 total energy in GeV
4000 = ebeam2 ! beam 2 total energy in GeV
**********************************************************************
* Beam polarization from -100 (left-handed) to 100 (right-handed) *
**********************************************************************
0 = polbeam1 ! beam polarization for beam 1
0 = polbeam2 ! beam polarization for beam 2
**********************************************************************
* PDF CHOICE: this automatically fixes also alpha s and its evol. *
**********************************************************************
’cteq6l1’ = pdlabel ! PDF set
**********************************************************************
* Renormalization and factorization scales *
**********************************************************************
F = fixed ren scale ! if .true. use fixed ren scale
F = fixed fac scale ! if .true. use fixed fac scale
91.1880 = scale ! fixed ren scale
91.1880 = dsqrt q2fact1 ! fixed fact scale for pdf1
91.1880 = dsqrt q2fact2 ! fixed fact scale for pdf2
1 = scalefact ! scale factor for event-by-event scales
**********************************************************************
* Matching - Warning! ickkw > 1 is still beta
**********************************************************************
1 = ickkw ! 0 no matching, 1 MLM, 2 CKKW matching
1 = highestmult ! for ickkw=2, highest mult group
1 = ktscheme ! for ickkw=1, 1 Durham kT, 2 Pythia pTE
1 = alpsfact ! scale factor for QCD emission vx
F = chcluster ! cluster only according to channel diag
T = pdfwgt ! for ickkw=1, perform pdf reweighting
5 = asrwgtflavor ! highest quark flavor for a s reweight
**********************************************************************
* Automatic ptj and mjj cuts if xqcut ¿ 0
* (turn off for VBF and single top processes)
***********************************************************
T = auto ptj mjj ! Automatic setting of ptj and mjj
***********************************************************
* ***********************************
* BW cutoff (M+/-bwcutoff*Gamma)
***********************************
15 = bwcutoff ! (M+/-bwcutoff*Gamma)
***********************************************************
* Apply pt/E/eta/dr/mij cuts on decay products or not
* (note that etmiss/ptll/ptheavy/ht/sorted cuts always apply)
***********************************************************
T = cut decays ! Cut decay products
**************************************************************
* Number of helicities to sum per event (0 = all helicities)
* 0 gives more stable result, but longer run time (needed for
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* long decay chains e.g.).
* Use ¿=2 if most helicities contribute, e.g. pure QCD.
**************************************************************
0 = nhel ! Number of helicities used per event
********************
* Standard Cuts
********************
* **********************************************************************
* Minimum and maximum pt’s (for max, -1 means no cut) *
**********************************************************************
20 = ptj ! minimum pt for the jets
20 = ptb ! minimum pt for the b
0 = pta ! minimum pt for the photons
0 = ptl ! minimum pt for the charged leptons
0 = misset ! minimum missing Et (sum of neutrino’s momenta)
0 = ptheavy ! minimum pt for one heavy final state
1.0 = ptonium ! minimum pt for the quarkonium states
-1 = ptjmax ! maximum pt for the jets
-1 = ptbmax ! maximum pt for the b
-1 = ptamax ! maximum pt for the photons
-1 = ptlmax ! maximum pt for the charged leptons
-1 = missetmax ! maximum missing Et (sum of neutrino’s momenta)
**********************************************************************
* Minimum and maximum E’s (in the lab frame) *
**********************************************************************
0 = ej ! minimum E for the jets
0 = eb ! minimum E for the b
0 = ea ! minimum E for the photons
0 = el ! minimum E for the charged leptons
-1 = ejmax ! maximum E for the jets
-1 = ebmax ! maximum E for the b
-1 = eamax ! maximum E for the photons
-1 = elmax ! maximum E for the charged leptons
**********************************************************************
* Maximum and minimum absolute rapidity (for max, -1 means no cut) *
**********************************************************************
5 = etaj ! max rap for the jets
5 = etab ! max rap for the b
5 = etaa ! max rap for the photons
5 = etal ! max rap for the charged leptons
0.6 = etaonium ! max rap for the quarkonium states
0 = etajmin ! min rap for the jets
0 = etabmin ! min rap for the b
0 = etaamin ! min rap for the photons
0 = etalmin ! main rap for the charged leptons
**********************************************************************
* Minimum and maximum DeltaR distance *
**********************************************************************
0.001 = drjj ! min distance between jets
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0.001 = drbb ! min distance between b’s
0 = drll ! min distance between leptons
0 = draa ! min distance between gammas
0.001 = drbj ! min distance between b and jet
0 = draj ! min distance between gamma and jet
0 = drjl ! min distance between jet and lepton
0 = drab ! min distance between gamma and b
0 = drbl ! min distance between b and lepton
0 = dral ! min distance between gamma and lepton
-1 = drjjmax ! max distance between jets
-1 = drbbmax ! max distance between b’s
-1 = drllmax ! max distance between leptons
-1 = draamax ! max distance between gammas
-1 = drbjmax ! max distance between b and jet
-1 = drajmax ! max distance between gamma and jet
-1 = drjlmax ! max distance between jet and lepton
-1 = drabmax ! max distance between gamma and b
-1 = drblmax ! max distance between b and lepton
-1 = dralmax ! maxdistance between gamma and lepton
**********************************************************************
* Minimum and maximum invariant mass for pairs *
**********************************************************************
0 = mmjj ! min invariant mass of a jet pair
0 = mmbb ! min invariant mass of a b pair
0 = mmaa ! min invariant mass of gamma gamma pair
0 = mmll ! min invariant mass of l+l- (same flavour) lepton pair
-1 = mmjjmax ! max invariant mass of a jet pair
-1 = mmbbmax ! max invariant mass of a b pair
-1 = mmaamax ! max invariant mass of gamma gamma pair
-1 = mmllmax ! max invariant mass of l+l- (same flavour) lepton pair
**********************************************************************
* Minimum and maximum invariant mass for all letpons *
**********************************************************************
0 = mmnl ! min invariant mass for all letpons (l+- and vl)
-1 = mmnlmax ! max invariant mass for all letpons (l+- and vl)
**********************************************************************
* Minimum and maximum pt for 4-momenta sum of leptons *
**********************************************************************
0 = ptllmin ! Minimum pt for 4-momenta sum of leptons(l and vl)
-1 = ptllmax ! Maximum pt for 4-momenta sum of leptons(l and vl)
**********************************************************************
* Inclusive cuts *
**********************************************************************
0 = xptj ! minimum pt for at least one jet
0 = xptb ! minimum pt for at least one b
0 = xpta ! minimum pt for at least one photon
0 = xptl ! minimum pt for at least one charged lepton
**********************************************************************
* Control the pt’s of the jets sorted by pt *

118



**********************************************************************
0 = ptj1min ! minimum pt for the leading jet in pt
0 = ptj2min ! minimum pt for the second jet in pt
0 = ptj3min ! minimum pt for the third jet in pt
0 = ptj4min ! minimum pt for the fourth jet in pt
-1 = ptj1max ! maximum pt for the leading jet in pt
-1 = ptj2max ! maximum pt for the second jet in pt
-1 = ptj3max ! maximum pt for the third jet in pt
-1 = ptj4max ! maximum pt for the fourth jet in pt
0 = cutuse ! reject event if fails any (0) / all (1) jet pt cuts
**********************************************************************
* Control the pt’s of leptons sorted by pt *
**********************************************************************
0 = ptl1min ! minimum pt for the leading lepton in pt
0 = ptl2min ! minimum pt for the second lepton in pt
0 = ptl3min ! minimum pt for the third lepton in pt
0 = ptl4min ! minimum pt for the fourth lepton in pt
-1 = ptl1max ! maximum pt for the leading lepton in pt
-1 = ptl2max ! maximum pt for the second lepton in pt
-1 = ptl3max ! maximum pt for the third lepton in pt
-1 = ptl4max ! maximum pt for the fourth lepton in pt
**********************************************************************
* Control the Ht(k)=Sum of k leading jets *
**********************************************************************
0 = htjmin ! minimum jet HT=Sum(jet pt)
-1 = htjmax ! maximum jet HT=Sum(jet pt)
0 = ihtmin !inclusive Ht for all partons (including b)
-1 = ihtmax !inclusive Ht for all partons (including b)
0 = ht2min ! minimum Ht for the two leading jets
0 = ht3min ! minimum Ht for the three leading jets
0 = ht4min ! minimum Ht for the four leading jets
-1 = ht2max ! maximum Ht for the two leading jets
-1 = ht3max ! maximum Ht for the three leading jets
-1 = ht4max ! maximum Ht for the four leading jets
**********************************************************************
* WBF cuts *
**********************************************************************
0 = xetamin ! minimum rapidity for two jets in the WBF case
0 = deltaeta ! minimum rapidity for two jets in the WBF case
**********************************************************************
* maximal pdg code for quark to be considered as a light jet *
* (otherwise b cuts are applied) *
**********************************************************************
5 = maxjetflavor ! Maximum jet pdg code
**********************************************************************
* Jet measure cuts *
**********************************************************************
20 = xqcut ! minimum kt jet measure between partons
**********************************************************************
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*************************************************************
** MadGraph 5 *
** *
** * * *
** * * * * *
** * * * * 5 * * * * *
** * * * * *
** * * *
** *
** *
** VERSION 1.5.7 2013-01-15 *
** *
** The MadGraph Development Team - Please visit us at *
** https://server06.fynu.ucl.ac.be/projects/madgraph *
** *
*************************************************************
** *
** Command File for MadGraph 5 *
** *
** run as ./bin/mg5 filename *
** *
*************************************************************

set group subprocesses Auto
set ignore six quark processes False
set gauge unitary
set complex mass scheme False
import model sm
define p = g u c d s u c d s
define j = g u c d s u c d s
define l+ = e+ mu+
define l- = e- mu-
define vl = ve vm vt
define vl = ve vm vt
import model typeIIIAG180 UFO
define vl = ve vm vt
define vl = ve vm vt
define vl = v1 v2 v3
define l+ = e+ mu+ ta+
define l- = e- mu- ta-
generate p p > tr- tr0, (tr- > w- vl, w- > l- vl), (tr0 > w+ l-, w+ > l+ vl)
add process p p > tr- tr0, (tr- > w- vl, w- > l- vl), (tr0 > w- l+, w- > l- vl)
add process p p > tr- tr0, (tr- > z l-, z > vl vl), (tr0 > w+ l-, w+ > l+ vl)
add process p p > tr- tr0, (tr- > z l-, z > vl vl), (tr0 > w- l+, w- > l- vl)
add process p p > tr- tr0, (tr- > z l-, z > j j), (tr0 > w- l+, w- > l- vl)
add process p p > tr- tr0, (tr- > z l-, z > j j), (tr0 > w+ l-, w+ > l+ vl)
output PROC typeIIIAG180 UFO minus
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*************************************************************
** MadGraph 5 *
** *
** * * *
** * * * * *
** * * * * 5 * * * * *
** * * * * *
** * * *
** *
** *
** VERSION 1.5.7 2013-01-15 *
** *
** The MadGraph Development Team - Please visit us at *
** https://server06.fynu.ucl.ac.be/projects/madgraph *
** *
*************************************************************
** *
** Command File for MadGraph 5 *
** *
** run as ./bin/mg5 filename *
** *
*************************************************************

set group subprocesses Auto
set ignore six quark processes False
set gauge unitary
set complex mass scheme False
import model sm
define p = g u c d s u c d s
define j = g u c d s u c d s
define l+ = e+ mu+
define l- = e- mu-
define vl = ve vm vt
define vl = ve vm vt
import model typeIIIAG180 UFO
define vl = ve vm vt
define vl = ve vm vt
define vl = v1 v2 v3
define l- = e- mu- ta-
define l+ = e+ mu+ ta+
generate p p > tr+ tr0, (tr+ > w+ vl, w+ > l+ vl), (tr0 > w+ l-, w+ > l+ vl)
add process p p > tr+ tr0, (tr+ > w+ vl, w+ > l+ vl), (tr0 > w- l+, w- > l- vl)
add process p p > tr+ tr0, (tr+ > z l+, z > vl vl), (tr0 > w+ l-, w+ > l+ vl)
add process p p > tr+ tr0, (tr+ > z l+, z > vl vl), (tr0 > w- l+, w- > l- vl)
add process p p > tr+ tr0, (tr+ > z l+, z > j j), (tr0 > w- l+, w- > l- vl)
add process p p > tr+ tr0, (tr+ > z l+, z > j j), (tr0 > w+ l-, w+ ¿ l+ vl)
output PROC typeIIIAG180 UFO plus
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Appendix C

Hadronization fragment

Hadronization fragment code is:

import FWCore.ParameterSet.Config as cms

from Configuration.Generator.PythiaUEZ2starSettings4 cfi import *
from GeneratorInterface.ExternalDecays.TauolaSettings cff import *

generator = cms.EDFilter(”Pythia6HadronizerFilter”,
pythiaHepMCVerbosity = cms.untracked.bool(True),
maxEventsToPrint = cms.untracked.int32(0),
pythiaPylistVerbosity = cms.untracked.int32(1),
comEnergy = cms.double(8000.0),
ExternalDecays = cms.PSet(
Tauola = cms.untracked.PSet(
TauolaPolar,
TauolaDefaultInputCards
),
parameterSets = cms.vstring(’Tauola’)
), UseExternalGenerators = cms.untracked.bool(True),
PythiaParameters = cms.PSet(
pythiaUESettingsBlock,
processParameters = cms.vstring(’MSEL=0 ! User defined processes’,
’PMAS(5,1)=4.8 ! b quark mass’,
’PMAS(6,1)=172.5 ! t quark mass’),
# This is a vector of ParameterSet names to be read, in this order
parameterSets = cms.vstring(’pythiaUESettings’,
’processParameters’
)
)
)

configurationMetadata = cms.untracked.PSet(
version = cms.untracked.string(’$Revision : 1.2$’),
name = cms.untracked.string (’$Source : /a f s/cern.ch/project/cvs/reps/CMSSW/CMSSW/
Configuration/GenProduction/python/EightTeV
/Hadronizer TuneZ2star 8TeV generic LHE pythia tauola c f f .py, v$’),
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annotation = cms.untracked.string(’runs Z2* Pythia6’)
)

The program takes as input the hadronization fragment, the simulation steps to be produced
(GEN stays for generation, SIM for simulation), the beam spot to use depending on scenario,
the conditions about detectors calibration and alignment (i.e. the Global Tag), the pileup situa-
tion, the data mix config to use, the event content to write in the output root file, the data tier
to use, the input file with path, the output file name with path, the input file type (LHE), the
number of events to produce. The LHE file generation command line is:
cmsDriver.py
Configuration/GenProduction/python/EightTeV/
Hadronizer TuneZ2star 8TeV generic LHE pythia tauola cff.py
–step GEN,SIM
–beamspot Realistic8TeVCollision
–conditions START53 V7C::All
–pileup NoPileUp
–datamix NODATAMIXER
–eventcontent RAWSIM
–datatier GEN-SIM
–filein=file:/tmp/gozzelin/unweighted events 180plus.lhe
–fileout file:180plus.root
–filetype LHE -n 10
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Appendix D

Samples details

Sample are treated in software version CMSSW 5 3 X with Physics Analysis Toolkit version 19,
called Padua Prod6.

Table D.1 describes MC background samples considered. Table D.2 shows 2012 data samples
at 8 TeV, with corresponding integrated luminosity. Table D.3 recaps MC signal samples, with
cross sections at LO.

Table D.1: Monte Carlo backgrounds samples in Summer12 DR53X-PU S10 START53 V7A-
vX/AODSIM.

Name Sample
WW /WW TuneZ2star 8TeV pythia6 tauola/
WZ /WZ TuneZ2star 8TeV pythia6 tauola/
ZZ /ZZ TuneZ2star 8TeV pythia6 tauola/

WWW /WWWJets 8TeV-madgraph/
tt̄ /TTJets FullLeptMGDecays 8TeV-madgraph-tauola/

W+jets /WJetsToLNu TuneZ2Star 8TeV-madgraph-tarball/
Z+jets /DYJetsToLL M-50 TuneZ2Star 8TeV-madgraph-tarball/

DY /DYJetsToLL M-10To50 TuneZ2Star 8TeV-madgraph/

Table D.2: 2012 proton proton collisions data samples.

Data set Integrated luminosity (fb−1)
/DoubleElectron/Run2012A-22Jan2013-v1/AOD 0.876
/DoubleElectron/Run2012B-22Jan2013-v1/AOD 4.412
/DoubleElectron/Run2012C-22Jan2013-v1/AOD 7.055
/DoubleElectron/Run2012D-22Jan2013-v1/AOD 7.369

DoubleEle total 19.710
/DoubleMu/Run2012A-22Jan2013-v1/AOD 0.876

/DoubleMuParked/Run2012B-22Jan2013-v1/AOD 4.412
/DoubleMuParked/Run2012C-22Jan2013-v1/AOD 7.017
/DoubleMuParked/Run2012D-22Jan2013-v1/AOD 7.369

DoubleMuParked total 19.674
/MuEG/Run2012A-22Jan2013-v1/AOD 0.876
/MuEG/Run2012B-22Jan2013-v1/AOD 4.412
/MuEG/Run2012C-22Jan2013-v1/AOD 7.055
/MuEG/Run2012D-22Jan2013-v1/AOD 7.360

MuEG total 19.703
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In data DoubleMuParked Run A events triggered by Mu17Mu8 are only partially present.

Table D.3: Monte Carlo signal samples.

Signal Sample σ (pb)
/SeesawTo3Lminus M-140 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0628
/SeesawTo3Lminus M-180 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0190
/SeesawTo3Lminus M-200 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0115
/SeesawTo3Lminus M-220 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0073
/SeesawTo3Lminus M-240 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0048
/SeesawTo3Lminus M-260 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0033
/SeesawTo3Lminus M-280 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0023
/SeesawTo3Lminus M-300 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0016
/SeesawTo3Lminus M-320 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0012
/SeesawTo3Lminus M-340 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0009
/SeesawTo3Lplus M-140 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.1229
/SeesawTo3Lplus M-180 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0401
/SeesawTo3Lplus M-200 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0252
/SeesawTo3Lplus M-220 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0166
/SeesawTo3Lplus M-240 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0113
/SeesawTo3Lplus M-260 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0079
/SeesawTo3Lplus M-280 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0057
/SeesawTo3Lplus M-300 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0042
/SeesawTo3Lplus M-320 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0031
/SeesawTo3Lplus M-340 FDS TuneZ2 8TeV-madgraph/Summer12 DR53X-PU S10 START53 V19-v1/AODSIM 0.0024

Table D.4 recaps information to ask the signal production with the CMS official Full Sim chain.
The main points deal the sample name containing reference to the model, the final state, the
charge, the mass, the scenario, the hadronization features, the event generation program name,
the number of events to be generated, the signal cross section coming from MADGRAPH at
LO, the number of event generated in local test, the Central Processing Unit (CPU) time in
second used to generate events during the test, the output test file size in Byte.
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Table D.4: Monte Carlo signal samples request for official Full Sim production.
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