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A B S T R AC T

This thesis addresses the study of a signature with a pair of same flavor leptons and jets with
the CMS detector in the context of two different scenarios: precision physics within the Standard
Model, and the effective theory of composite models. On one hand, the dilepton plus jets signature
allows the selection of the Vector Boson Scattering process of a ZV in the semi-leptonic final state,
where V is the vector boson decaying hadronically (V=W, Z) and Z decays in charged leptons
(e, µ), in proton-proton collisions at 13 TeV. In addition, the dilepton plus jets final state can
also be exploited in LHC and in future collider (HL/HE-LHC) data to search for the presence
of new exotic states (Majorana neutrinos) arising from a compositeness framework. Constraints
from unitarity are considered for the first time and are shown to play a fundamental role in the
sensitivity of new physics searches.
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I N T RO D U C T I O N

New physics beyond the Standard Model (SM) is manifestly needed to address at least two open
problems in fundamental physics: the existence of dark matter and the baryon asymmetry of the
Universe. It is nowadays clear that the SM alone cannot provide a particle candidate or a mecha-
nism to successfully explain either of these compelling issues. Compositeness of ordinary fermions
is one possible scenario Beyond the Standard Model (BSM) that may lead to a solution of the hi-
erarchy problem or the explanation of the proliferation of ordinary fermions. Elementary particles
are thought to be bound states of some as–yet–unobserved fundamental constituents generically
referred to as preons, and the existence of new excited states interacting with SM fermions via
effective couplings is foreseen. The heavy composite Majorana neutrino Nℓ would be a particular
case of such excited states, that shows a connection with baryogenesis via thermal leptogenesis.
Indeed, composite neutrinos can be produced in the thermal bath of the early universe due to their
interactions with the SM particles. As is customary in an Effective Field Theory (EFT) approach,
the effects of the high-energy physics scale, here Λ, are captured in higher-dimensional operators
that describe processes within a lower energy domain, where the fundamental building blocks of
the theory cannot show up. On general grounds, this bottom-up approach can parametrize the
observable effects of a large class of new physics scenarios. However, it suffers from a limited
validity range, i.e. up to energy/momentum scales smaller than the large energy scale that sets
the operator expansion. Since collider experiments are involving more and more energetic particle
collisions, the use and the applicability of effective operators can be questioned, and the transla-
tion of experimental data into a theoretical framework has to be done with particular care. Very
general principles consisting of analyticity and perturbative unitarity, directly descending from
NR Quantum Mechanics, come in aid as a fundamental axiom for collider physics.

Interestingly, the particle that nowadays we consider responsible for the electroweak symmetry
breaking, the Higgs boson, rescues the SM from perturbative unitarity violation in scattering
between vectors bosons. The Vector Boson Scattering (VBS) process represents also an ideal test
bench for the spontaneous symmetry breaking mechanism at hadron colliders, giving primary
access to the non-Abelian gauge structure of the electroweak interactions through quartic gauge
couplings. The possibility to access the full Run 2 data collected by the Compact Muon Solenoid
(CMS) detector, offers, therefore, a chance to explore the rarest and undiscovered channels, like
the semileptonic VBS process, that are shown to have high sensitivity to new physics as well. As
proven by the discoveries that led to the consolidation of the SM, electroweak precision physics
can play a fundamental role in establishing the existence of new physics and guiding its theoretical
interpretations. We will try to emphasize the relevance of a solid unitarity interpretation, and how
intertwined it is with both the precision and the direct search strategies.

The outline of the thesis is as follows. In the first chapter, we provide an introduction to the
theoretical framework used throughout the thesis. In Chapter 2, we present the study of partial
wave unitarity bounds in the parameter space of dimension-5 and dimension-6 effective operators
that arise in a compositeness scenario. After deducing the unitarity bound for the production
process of a composite neutrino, we implement such a bound and compare it with the recent
experimental exclusion curves. In the next chapter, we introduce the experimental setup used to
collect the data, analyzed in the remaining chapters: the LHC and the CMS detector. In Chapter 4,
we perform an experimental search for the heavy composite Majorana neutrino in the two same-
flavor leptons (electrons or muons) at least one-large radius jet. The analysis uses proton-proton
collisions at

√
s = 13 TeV collected by the CMS experiment at the CERN LHC from 2016 to 2018.

In Chapter 5, we present another CMS Run 2 data analysis for the first search for electroweak
production of VZ boson pairs and two jets. Then, we step into the future of the LHC in Chapter 6,
extending the search in Chapter 4 to the High-Luminosity LHC (HL-LHC) and the High-Energy
LHC (HE-LHC), and match the results from future colliders with the phase space preferred by

1



2 contents

baryogenesis. To conclude, we present the outcomes of this work at the end of the present document,
underlying how the experimental and theoretical work are deeply connected and represent a key
for the interpretation approach of experimental data in the future.



Part I

P H E N O M E N O L O G I C A L S T U D I E S





1
T H E S TA N DA R D M O D E L A N D I T S
E X T E N S I O N S

1 what is standard model and what is not

The interactions and the fundamental constituents of the Universe are elegantly described by a
mathematical consistent renormalizable theory called the Standard Model (SM) represented with
the following Lagrangian density [1, 2]:
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aGbgcµ − ∂νW
+
µ ∂νW

−
µ −M2W+

µ W
−
µ − 1

2∂νZ
0
µ∂νZ

0
µ −

1
2c2

w
M2Z0

µZ
0
µ − 1

2∂µAν∂µAν − 1
2∂µH∂µH − 1

2m
2
hH

2 − ∂µϕ
+∂µϕ

− −M2ϕ+ϕ− −
1
2∂µϕ

0∂µϕ0 − 1
2c2

w
Mϕ0ϕ0 − βh[

2M2

g2 + 2M
g H + 1

2(H
2 + ϕ0ϕ0 + 2ϕ+ϕ−)] + 2M4

g2 αh −
igcw[∂νZ0

µ(W
+
µ W

−
ν −W+

ν W
−
µ ) −Z0

ν (W
+
µ ∂νW

−
µ −W−

µ ∂νW
+
µ ) + Z0

µ(W
+
ν ∂νW

−
µ −

W−
ν ∂νW

+
µ )] − igsw[∂νAµ(W+

µ W
−
ν −W+

ν W
−
µ ) −Aν(W+

µ ∂νW
−
µ −W−

µ ∂νW
+
µ ) +

Aµ(W+
ν ∂νW

−
µ −W−

ν ∂νW
+
µ )] − 1

2g
2W+

µ W
−
µ W

+
ν W

−
ν + 1

2g
2W+

µ W
−
ν W

+
µ W

−
ν +

g2c2w(Z
0
µW

+
µ Z

0
νW

−
ν −Z0

µZ
0
µW

+
ν W

−
ν ) + g2s2

w(AµW
+
µ AνW

−
ν −AµAµW

+
ν W

−
ν ) +

g2swcw[AµZ0
ν (W

+
µ W

−
ν −W+

ν W
−
µ ) − 2AµZ0

µW
+
ν W

−
ν ] − gα[H3 +Hϕ0ϕ0 +

2Hϕ+ϕ−] − 1
8g

2αh[H
4 + (ϕ0)4 + 4(ϕ+ϕ−)2 + 4(ϕ0)2ϕ+ϕ− + 4H2ϕ+ϕ− +

2(ϕ0)2H2] − gMW+
µ W

−
µ H − 1

2g
M
c2

w
Z0
µZ

0
µH − 1

2ig[W
+
µ (ϕ0∂µϕ− − ϕ−∂µϕ

0) −
W−
µ (ϕ0∂µϕ+ − ϕ+∂µϕ

0)] + 1
2g[W

+
µ (H∂µϕ− − ϕ−∂µH) −W−

µ (H∂µϕ+ −
ϕ+∂µH)] + 1

2g
1
cw
(Z0

µ(H∂µϕ
0 − ϕ0∂µH) − ig s

2
w
cw
MZ0

µ(W
+
µ ϕ

− −W−
µ ϕ

+) +

igswMAµ(W+
µ ϕ

− −W−
µ ϕ

+) − ig 1−2c2
w

2cw
Z0
µ(ϕ

+∂µϕ
− − ϕ−∂µϕ

+) +

igswAµ(ϕ+∂µϕ− − ϕ−∂µϕ
+) − 1

4g
2W+

µ W
−
µ [H2 + (ϕ0)2 + 2ϕ+ϕ−] −

1
4g

2 1
c2

w
Z0
µZ

0
µ[H

2 + (ϕ0)2 + 2(2s2
w − 1)2ϕ+ϕ−] − 1

2g
2 s2

w
cw
Z0
µϕ

0(W+
µ ϕ

− +W−
µ ϕ

+) −
1
2ig

2 s2
w
cw
Z0
µH(W+

µ ϕ
− −W−

µ ϕ
+) + 1

2g
2swAµϕ0(W+

µ ϕ
− +W−

µ ϕ
+) +

1
2ig

2swAµH(W+
µ ϕ

− −W−
µ ϕ

+) − g2 sw
cw
(2c2w − 1)Z0

µAµϕ
+ϕ− − g1s2

wAµAµϕ
+ϕ− −
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6 the standard model and its extensions
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The SM [3,4] describes all known particles and the interactions (except for gravity)
within the framework of a quantum field theory. More strictly, the SM is built on a
local gauge group SU(3)C ×SU(2)L ×U(1)Y (here C, L, and Y stand for the color
charge, the left-handed chirality, and the weak hypercharge), where the carriers
of the forces are the generators of the symmetry group. The fundamental blocks of
matter are the fermion fields, particles with spin 1/2, organized in three generations,
each one consisting of two leptons and two flavors of quarks (Table 1.1). While
the quark fields couple with all the force carriers, the leptons are only involved in
electroweak interactions.

Leptons Quarks

1st Generation
(︄

νeL

e−
L

)︄
, e−

R

(︄
uL

dL

)︄
, uR, dR

2nd Generation
(︄

νµL

µ−
L

)︄
, µ−

R

(︄
cL

sL

)︄
, cR, sR

3rd Generation
(︄

ντL

τ−
L

)︄
, τ−

R

(︄
tL

bL

)︄
, tR, bR

Table 1.1: Right-handed fermion singlets and lef-handed doublets for each generation in the SM. All the
fermions have an anti-fermion counterpart not reported here.

At the zeroeth level, all the SM fields are massless, and the quarks and leptons
fields are combined in multiplets. Since the electroweak interactions are chiral, the
left-handed (LH) and the right-handed (RH) components are assigned to different
representations of the SU(2) group: the LH fields transform as SU(2) doublets, and
the RH fields transform as singlets. At the first level, the SU(2)L × U(1)Y gauge
group is spontaneously broken down to U(1)EM at a scale v = 246 GeV. This
spontaneous symmetry breaking is simply and effectively described by the famous
Englert-Brout-Higgs mechanism [5, 6]. The introduction of the so called Higgs field,
a scalar field with non-vanishing vacuum expectation value, allows the definition
of non-zero masses for W and Z gauge bosons, as well as for fermions. Nearly fifty
years after the theorization of this mechanism, the ATLAS and CMS Collabora-
tions claimed the observation of a new particle with a mass of approximately 125
GeV [7–9], consistent with the SM predictions. The consequent measurement of its
properties with the unprecedented amount of data available in proton-proton col-
lisions at the Large Hadron Collider (LHC) [10] confirmed the success of the SM
framework.

Despite its incredible accuracy (especially in the electroweak sector), new physics
beyond the Standard Model (BSM) is invoked to address several theoretical and
experimental open issues. Among these, we can mention:
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Neutrino masses and nature. Described as massless fermions within the SM, neu-
trinos became the foremost actor of recent new physics measurements. The observa-
tion of the flavor oscillation in solar and atmospheric neutrino experiments [11–13]
attested that neutrinos have small masses, which cannot be generated by the Higgs
mechanism. The picture is further complicated by the ambiguity on the nature of
neutrinos with definite masses: are they Majorana (lepton number violating) or
Dirac (lepton number conserving) fermions?

Dark matter and dark energy evidence. Cosmological observations, such as the
cosmic microwave background and the structure and movements of galaxies, show
that the baryonic matter described by the SM constitutes only roughly the 5% of
the Universe. The remaining fraction is expected to be formed for about 25% by
non-visible matter, the Dark Matter, and a large energy component, called Dark
Energy.

Inclusion of the gravitational force. The gravitational force is currently not related
to microscopic interactions of the SM. Whether this is a good approximation at
the electroweak scale (mweak ≈ 100 GeV) where gravity is so weak to be negligible,
at the so-called Planck scale

(︂
Mp ≈ 1019 GeV

)︂
the effects of quantum gravity are

expected to become important.
Matter-antimatter asymmetry in the Universe. The baryon-antibaryon asymmetry

observed in the Universe (discussed in Chapter 6.3) is not explained by the Standard
Model.

The hierarchy problem. The Higgs field, introduced for the spontaneous symme-
try breaking mechanism in the SM, is quadratically sensitive to high scales. The
radiative corrections (one-loop) to the Higgs mass tend to push that mass up to
the next physics scale after the electroweak. In the worst scenario in which the
next physics scale lies at the Plank mass, the bare potential must be incredibly
fine-tuned to cancel off the quantum corrections and get the correct physical mass
parameter [14].

The forces unification problem. The SM gauge group SU(3)c× SU(2)L × U(1)Y
consists of three different subgroups, each having its coupling constant. These cou-
plings run with the scale, and it would be natural if they converge toward the same
point at some scale, usually referred to as the unification scale. However, precision
measurement has shown that the three coupling constants do not meet in a single
point [15, 16].

The masses, and the flavor problem. Why does the SM include three generations
of quarks and leptons, the last two being a heavier version of the first? Why do
the masses of the fermions span over many orders of magnitude? The SM cannot
directly explain this.
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2 beyond the standard model

The difficulties underlined in the previous section suggest that the SM could be
part of a more fundamental underlying theory, and motivated the vast experimental
program focused on high precision studies of the SM predictions and the physics
landscape beyond it. Among the several extensions of the SM proposed in the past,
we will cite the most famous in collider phenomenology without the desire to explain
them exhaustively, addressing a complete discussion to specific references [10,14,17].

Grand Unification Theories. Grand unification theories (GUT) [4] postulate that
the SM gauge group SU(3)c × SU(2)L × U(1)Y , consisting of three different sub-
groups each having its coupling constant, originates from a larger symmetry group
with only one coupling constant. One of the most popular GUT scenarios, the Left-
Right symmetric model (LRM), is based on an SO(10) group that is supposed to
break to:

SO(10) → SU(3)c × SU(2)L × SU(2)R ×U(1)B−L,
where the U(1)B−L is the global gauge symmetry associated with the conservation
of baryon minus lepton number. The LRM predicts the existence of new gauge
bosons, Z ′ and W ′±, that couple to right-handed fermions (including the right-
handed neutrinos, not present in the SM).

Supersymmetry. Supersymmetry (SUSY) refers to possible relations between the
spectrum and interactions of fermions (half-integer spin particles) and bosons (inte-
ger spin particles). SUSY predicts a supersymmetric partner for every SM particle,
with the same mass but with the spin differing by 1/2. If SUSY exists in nature,
it must be a broken symmetry at some scale since no evidence of these particles
has been found so far. Supersymmetry offers an elegant solution to the hierarchy
problem: the fermion loop that makes the Higgs boson mass sensitive to high-scales
is canceled by the SUSY partner’s contribution. Moreover, in the so-called R-parity
conserving SUSY models, the lightest supersymmetric particle is stable and it is
considered a good Dark Matter candidate.

Extra-dimensions. The four dimensions that we experience could be embedded in
a higher-dimensional space. Given the lack of evidence for these extra dimensions,
they should be either compactified [18] or characterized by such a strong curvature
to make it hard to escape into them [19]. In these models, gravity can propagate in
the extra dimensions, and therefore the SM particles experience only a small fraction
of the total gravitational force. That will solve the hierarchy problem since the scale
of gravity lies around the TeV region. Moreover, the new particles that arise in some
scenarios, the so-called Kaluza-Klein excitations [20], are often presented as a valid
Dark Matter candidate.

Effective theories, including also composite models, conclude this short summary,
and are intentionally left out from the list since a specific introduction to their
formalism is presented in the next section.
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3 effective theories

Throughout the following part of this Chapter, we delineate the basics of effective
field theories. In particular, we are going to highlight the fundamental concepts
behind these BSM scenarios and provide the formalism necessary to understand
the results given in the next Chapters. First, we discuss the roots to effective the-
ory (Sec. 1.3.1), and we cite the example of two most famous EFT scenarios: the
Standard Model EFT (SMEFT) and the Higgs EFT (HEFT) (Sec. 1.3.2). We then
shift to the effective theory of composite models (Sec. 1.3.3), which represents the
benchmark framework of this thesis.

3.1 the effective field theory approach

What is an effective theory? The answer contains at least these two words: appropri-
ate, and important (citing the famous lecture by H. Georgi [21]). Nature manifests in
many scales, and we can choose to divide its parameter space into different regions,
in each of which there is an appropriate description of the important physics. Such
an appropriate description of the important physics is an effective theory. We can
think of mechanics: we learn Newtonian mechanics as a separate discipline, and not
as the limit of relativistic mechanics for small velocities. In the parameter space that
we experience every day all velocities are much smaller than the speed of light, and
relativity can be ignored. However, there is nothing wrong in treating mechanics in
a fully relativistic way, it just makes it easier to make calculations by not including
relativity. In other words, if there are very large or very small parameters compared
to the physical quantities we are interested in, the most appropriate picture for
performing calculations consists of setting to zero small parameters, and large pa-
rameters to infinity, considering all finite effects as perturbations.
In a quantum field theory, the effective approach traces its roots on algebraic cal-
culations in pion-pion scattering with the so-called Chiral Lagrangian [22]. We can
recall that there exists a limit of QCD in which the π, the K, and the η mesons are
massless Goldstones of a Spontaneous Symmetry Breaking of SU(3) × SU(3), we
call "chiral symmetry".

More generally, to study a particular system it is necessary to single out the most
relevant degrees of freedom as the building blocks to attain a simple description of
the problem at hand. It is crucial to make the appropriate choice of these variables
capable to capture the most important effects at a given scale. The degrees of free-
dom that become relevant at any higher energy scale are not taken into account
and do not appear explicitly in the formulation of the theory. That is the case, for
instance, of a system containing a heavy particle: it cannot be created at energies
smaller than its mass, M, and therefore a theory and its corresponding Lagrangian
valid at such small energies does not contain this degree of freedom. The rigorous
description of this property is provided by the Appelquist-Carazzone theorem [23],
who showed that heavy degrees of freedom decouple at energy scales much lower
than their mass. In this context, decoupling means that any effect of the heavy
degrees of freedom is, up to logarithmic contributions, suppressed by inverse powers
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of the heavy scale M. In the strict heavy mass limit, M → ∞, the heavy state does
not provide any correction [24].

However, the EFT approach encodes more than a convenience in calculations. We
can invert the process, and suppose we only can experience the low-energy theory.
This approach commonly goes under the name bottom up. That might be the case of
the SM. As the hierarchy issue seems to suggest, some of the interactions lie at a scale
so large that we cannot see them directly now, and perhaps not ever. Nonetheless, we
can use an EFT to parametrize our ignorance of what is going on at higher energies.
All we can do is to impose the SM known invariance SU(3)C × SU(2)L × U(1)Y ,
and possibly the conservation laws measured in nature with good precision (like
baryon number conservation, etc.) to write a general Lagrangian density valid up
to the electroweak scale in Taylor expansion:

Leff = L0 +
1
Λ

L1 +
1

Λ2 L2 + ..., (1.1)

where L0 stands for the dimension four SM Lagrangian density, L1 is a dimension
5 term, etc.. A milestone reference for this expansion, including the detailed discus-
sion on the type of operators allowed by the chosen symmetry, is [25].

This "old-fashioned effective theory" was rapidly reprized and expanded in the
last decades, flowing into two main well-defined scenarios. In the next section, we
will briefly cover these two effective field theory variants called SMEFT and HEFT.
The following discussion is based on [26–29].

3.2 two eft prototypes for the sm: the smeft vs. the heft

With the striking success of the SM phenomenology, the model-independent ap-
proach is increasingly becoming a central theme for the LHC general-purpose exper-
iments. This bottom-up searching strategy, will have wider applicability and higher
possibilities for discovery as the LHC Run 3, and especially the High-Luminosity
LHC, will be able to deliver increased statistics and enhanced detector capabili-
ties. Two main directions of thoughts have emerged within this sector, and their
main difference is reflected in the description of the electroweak symmetry breaking
mechanism: the linear realization of the Higgs sector in the SMEFT, and non-linear
realization in the HEFT, which works in the broken phase using the physical Higgs
boson and an independent set of Goldstone bosons.

The SMEFT. The SU(2)L × SU(2)R symmetry in the Higgs sector is realized
linearly, with the Higgs field being a SU(2)L× SU(2)R bi-doublet. The perturba-
tive expansion is characterized by the inverse powers of the new physics scale Λ,
similar to Eq. 1.1. Assuming Baryon and Lepton number conservation, the SMEFT
Lagrangian is written as the sum:

LSMEFT = LSM +
∑︂
i

c
(6)
i O(6)

i +
∑︂
i

c
(8)
i O(8)

i + . . . , (1.2)
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where LSM stands for the SM Lagrangian, c(n)i are dimensionless coefficients (known
as Wilson coefficients) and O(n) are operators of canonical dimension n > 4 that
encode the suppression Λ4−n. Dots represent higher order operators in the expansion
in inverse powers of the cut-off. The SMEFT is renormalizable order by order in
the expansion in Λ : independently from the number of loops of a given diagram,
the quantum corrections calculated from the Lagrangian truncated at some order
of Λ and calculated to the same order in Λ can be renormalized by the couplings
present in the effective Lagrangian.

Considering observables whose typical energy is much smaller than the cut-off,
the higher the canonical dimension of an operator the smaller is its contribution
to those observables. Once the typical energy involved is closer to the cut-off, the
ordering of the operators in canonical dimensions is not so meaningful anymore and
operators of higher dimensions may dominate. In this case, the effective description
breaks down and cannot be considered reliable anymore. An entire Chapter (2) of
this thesis is devoted to this issue, which represents a leitmotif of this work.

The HEFT. In this case, the SU(2)L ×SU(2)R symmetry is realized non-linearly,
on the three Goldstone bosons absorbed by the gauge fields. The physical Higgs
field may be either a singlet of the custodial symmetry SU(2)C or an additional
field never forming the Higgs doublet with the three Goldstone bosons (GBs). This
Lagrangian is the most general description of the EW and Higgs couplings, satis-
fying the gauge symmetry of the SM: in specific limits, it may reduce to the SM
Lagrangian, or may coincide with the SMEFT one, or may match the description
of BSM specific scenarios, like the composite Higgs models.

The HEFT can be considered as the merging between the chiral perturbation
theory applied to the longitudinal components of the gauge bosons and the Higgs
and the SMEFT once dealing with the other SM particles. Following the conven-
tional notation of the EW Chiral Lagrangian, the SM GBs πa are described em-
ploying a dimensionless unitary matrix transforming as a bi-doublet of the global
SU(2)L × SU(2)R symmetry

U(x) = eiσaπ
a(x)/v, U(x) → LU(x)R† (1.3)

with v = 246GeV being the EW scale defined through the W mass, and L(R) denote
the SU(2)L(R) transformation. It is customary to introduce two objects, the vector
and the scalar chiral fields, that transform in the adjoint of SU(2)L :

Vµ(x) ≡ (DµU(x))U(x)†, T(x) ≡ U(x)σ3U(x)† (1.4)

where the covariant derivative reads

DµU(x) ≡ ∂µU(x) + igWµ(x)U(x) − ig′

2 Bµ(x)U(x)σ3 (1.5)

While Vµ(x) is SU(2)C conserving, T(x) is not and therefore plays the role of a
custodial symmetry breaking spurion.

In the rest of the Chapter, we focus on another type of effective approach that
considers some unknown structure for ordinary fermions, the so-called compositeness
framework.
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3.3 contact interactions and compositeness

Compositeness is a BSM scenario widely discussed in the phenomenological and ex-
perimental community [30–36]. Strongly inspired by the hadronic spectroscopy, the
proliferation of quarks and leptons has naturally led to the speculation that they
can be composite structures, bound states of more fundamental constituents. This
scenario is strictly connected with the EFT formalism discussed in the previous
sections, but foresees new actors in the game - the preons- that show up at some
unknown energy scale, that we call the compositeness scale Λ. In the very first re-
alization of the composite model, the existence of sub-constituents of the ordinary
matter (whose dynamic is not directly questioned) manifests as a higher-order cor-
rection to the SM Lagrangian with four-fermion operators of dimension-6 (Eq. 1.1).
The most general flavor-diagonal color-singlet and chirality invariant Lagrangian is
written with the following convention [37]:

L = LLL + LRR + LLR + LRL, (1.6)

with:

LLL =
g2
⋆

2Λ2
∑︂
i,j
ηijLL

(︂
ψ̄iLγµψ

i
L

)︂ (︂
ψ̄jLγ

µψjL

)︂
,

LRR =
g2
⋆

2Λ2
∑︂
i,j
ηijRR

(︂
ψ̄iRγµψ

i
R

)︂ (︂
ψ̄jRγ

µψjR

)︂
,

LLR =
g2
⋆

2Λ2
∑︂
i,j
ηijLR

(︂
ψ̄iLγµψ

i
L

)︂ (︂
ψ̄jRγ

µψjR

)︂
,

LRL =
g2
⋆

2Λ2
∑︂
i,j
ηijRL

(︂
ψ̄iRγµψ

i
R

)︂ (︂
ψ̄jLγ

µψjL

)︂
.

(1.7)

Here ψ are the SM fermion spinors with the indices i, j labelling their species, while
color and other indices are suppressed. The coupling g2

⋆ is conventionally fixed to
g2
⋆/4π = 1, as stemming the strong dynamics that is foreseen by the model, while

the helicity parameters ηαβ are taken to have unit magnitude. Different chiral struc-
tures have been investigated by the ATLAS and the CMS Collaborations with the
recent LHC Run 2 data [38,39], pushing the limit range on the compositeness scale
in the range between 20 TeV and 40 TeV.

On a more general ground, composite models foresee two additional features:

i. the existence of excited states of the known fermions, often called excited lep-
tons or quarks (l⋆, q⋆), whose masses are expected to be very high, but still less
than the binding scale, m⋆ ≤ Λ. They are expected to share the main quantum
numbers with their lighter partners [40]: an excited lepton, for instance, shares
a leptonic quantum number with one of the existing leptons (and similarly for
the excited quarks);

ii. the presence of a dimension-5 gauge-type interactions for the associated pro-
duction with a SM fermion. Given the supposed mass difference between the
excited fermion and its lighter SM partner, the excited leptons and quarks
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(l⋆, q⋆) interacts with light fermions via a magnetic-type gauge coupling1 gen-
erally expressed as:

Lgauge =
λ
(ψ∗)
γ e

2mψ∗
ψ̄∗σµν

(︃
ηL

1 − γ5
2 + ηR

1 + γ5
2

)︃
ψFµν

+
λ
(ψ∗)
Z e

2mψ∗
ψ̄∗σµν

(︃
ηL

1 − γ5
2 + ηR

1 + γ5
2

)︃
ψZµν

+
λ
(l∗)
W g

2ml∗
l̄∗σµν

1 − γ5
2 νWµν

+
λ
(ν∗)
W g

2mν∗
ν̄∗σµν

(︃
ηL

1 − γ5
2 + ηR

1 + γ5
2

)︃
lW †

µν + h.c.,

(1.8)

where the various λ couplings can be expressed in terms of SM couplings in
specific scenarios, g = e/ sin θW ,ψ = ν or l,Fµν = ∂µAν − ∂νAµ is the photon
field strength, Zµν = ∂µZν − ∂νZµ, etc.. The normalization of the coupling
is chosen such that max (|ηL| , |ηR|) = 1. Therefore, for chirality conservation
ηLηR = 0.

Although in the past many studies addressed compositeness model building, no
correct or compelling model can be identified at present. In the literature we can
identify mainly three distinct scenarios [41]:

1. Sequential type Model. Extending directly the dynamical structure of SM, one
can organize excited leptons in left-handed doublets and right-handed singlets
of the SU(2)L

L⋆L =

⎛⎝ν⋆
e⋆

⎞⎠
L

, [ν⋆R], e⋆R, (1.9)

where square parentheses denote that the are two cases possible: with and
without the excited right-handed neutrino.
Consequently, the magnetic-type couplings can written as:

Lgauge =
1

2Λ
ēRϕ

†σµν
(︄
gf
τa

2 W
a
µν + g′f ′Y

2 Bµν
)︄
L∗
L + h.c, (1.10)

and

Lgauge =
1

2Λ
ℓ̄Lσ

µν

(︄
gf
τa

2 W
a
µν + g′f ′Y

2 Bµν
)︄
ϕν∗

R + h.c., (1.11)

if the heavy neutrino is considered. In the previous equations we have intro-
duced the f , f ′ dimensionless parameters, usually taken as 1. In both the vari-
ants, these gauge couplings lead to a v/Λ suppressed coupling, where v ∼ 246
GeV is the vacuum expectation value of

√
2ϕ.

1 A γµ transition mediated by SM bosons between standard fermions and excited fermions would result in a non-
conserved electromagnetic current due to their masses difference jµ

e.m. ∼ ψ̄e⋆γµψe.
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2. Mirror type Model. Here multiplets of the excited leptons are assumed to be
grouped as:

[ν⋆L], e⋆L, L⋆R =

⎛⎝ν⋆
e⋆

⎞⎠
R

, (1.12)

and neglecting the presence of the left-handed neutrino singlet we automatically
get a ν⋆ Majorana particle, and thus a lepton number violation scenario.
The gauge invariant interaction reads:

Lgauge =
1

2Λ
L
⋆
Rσ

µν

(︄
gf
τa

2 W
a
µν + g′f ′Y

2 Bµν
)︄
LL + h.c., (1.13)

where now L⋆R is the spinor according to (1.12), whilst LL is the SM weak
doublet.

3. Homo-doublet Model. In this third scenario no excited singlets are contemplated:

L⋆L =

⎛⎝ν⋆
e⋆

⎞⎠
L

, L⋆R =

⎛⎝ν⋆
e⋆

⎞⎠
R

, (1.14)

and the reference Lagrangian density for the gauge couplings is analogous to
Eq. 1.13. Since left-handed and right-handed are almost considered with the
same mass, this model leads intrinsically to a lepton number conservation sce-
nario, as it is known that two left-handed and two right-handed Majorana fields
give Dirac particles.
However, by introducing an L-R symmetry breaking with mixing between
ν⋆L − ν⋆R one can afford lepton number violation.

Throughout this thesis, we will take as a reference for our investigations the heavy
composite Majorana neutrino scenario already considered by the CMS Collaboration
in Ref. [42].



2
U N I TA R I T Y

We mentioned in the previous chapter that the theory of strong interactions, or
Quantum Chromodynamics (QCD), is presently explained in terms of quarks and
gluons (generators of the SU(3)C symmetry group). The level of accuracy in the
predictions within its perturbation theory range, i.e. in the regime of very high-
energy collisions and large transferred momentum, is remarkably high. However, we
can think that the bulk of interactions in hadron-colliders involves low-momentum
partons, for which the perturbative expansion is not applicable. Very general princi-
ples consisting of analyticity, unitarity, and crossing symmetry, directly descending
from non-relativistic Quantum Mechanics, come in aid as fundamental axioms to
be used in collider physics.

In this chapter, we focus on one of them, shaping the concept of perturbative uni-
tarity in hadron collider processes, starting from its very first derivation in Quantum
Field Theory.

We begin by recalling the so-called optical theorem in Sec. 2.1, and we then fo-
cus on some remarkable consequences in hadron collider searches. We then present
several possible healing mechanisms for the unitarity violation in particle physics
phenomenology. In Section 2.2, we examine in detail a possible approach to the
problem in the case of exotic composite fermions searches at the LHC, that we
will see has a relevant impact on the experimental searches, discussed in detail in
Chapter 4.

1 general principles and the optical theorem

Theoretically, unitarity does not mean much but probability of quantum transitions
adding up to one. Despite its simplicity, the rigorous application of this basic princi-
ple in the amplitudes of high-energy processes becomes a powerful phenomenological
tool for SM and BSM physics. In the end, citing A. Martin and F. Cheung (Lec-
tures at Brandeis Summer School) "it seems to us to be a necessary task to explore
a bit-by-bit the rigorous consequences of analyticity, unitarity, and crossing. Who
knows if someday one will not be able to reassemble the pieces of the puzzle" [43].

The very basic quantity of interest for this discussion is the transition probability
from a given initial state |i⟩ to a certain final state |f⟩ after some non-specified
collision. This quantity is well known to be described by the S-matrix:

Sfi = ⟨f |S|i⟩. (2.1)

Given that there is some probability that nothing occurs we can write it, in matricial
form, as

S = 1 + iT , (2.2)

15
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and the newly defined T matrix encompasses all the possible non-trivial transitions
information.
Unitarity of the S matrix S†S = 1 then directly implies

i
(︂
T † − T

)︂
= T †T . (2.3)

If we explicit the four-momentum conservation, we can write

⟨f |T |i⟩ = (2π)4δ4 (pi − pf )M(i → f), (2.4)

and easily write the LH-side of Eq. 2.3 as:⟨︂
f
⃓⃓⃓
i
(︂
T † − T

)︂⃓⃓⃓
i
⟩︂
= i⟨i|T |f⟩⋆ − i⟨f |T |i⟩

= i(2π)4δ4 (pi − pf ) (M⋆(f → i) − M(i → f)) ,
(2.5)

and the RH one as:⟨︂
f
⃓⃓⃓
T †T

⃓⃓⃓
i
⟩︂
=
∑︁
X
∫︁
dΠX

⟨︂
f
⃓⃓⃓
T †
⃓⃓⃓
X
⟩︂

⟨X|T |i⟩
=
∑︁
X(2π)4δ4 (pf − pX) (2π)4δ4 (pi − pX)

∫︁
dΠXM(i → X)M⋆(f → X),

(2.6)

where we have used the compliteness relation of the Hilbert space

1 =
∑︂
X

∫︂
dΠX |X⟩⟨X| (2.7)

summing over single- and multi-particle state |X⟩, and with dΠX =
∏︁
j∈X

d3pj
(2π)3

1
2Ej

being the Lorentz-invariant phase space.
Plugging the two sides, we finally get the most general form of the optical theorem:

M(i → f)− M⋆(f → i) = i
∑︂
X

∫︂
dΠX(2π)4δ4 (pi − pX)M(i → X)M⋆(f → X),

(2.8)

that is valid order-by-order in perturbation theory.
To get a more readable form, we can consider the case in which |i⟩ = |f⟩ = |A⟩,
and write the cross section as

σ(A → X) =
1

4ECM |p⃗i|

∫︂
dΠX(2π)4δ4 (pA − pX) |M(A → X)|2. (2.9)

The next step is to use this definition in Eq. 2.8 to get the more common relation
between the imaginary part of the forward scattering amplitude and the total cross
section:

Im M(A → A) = 2ECM |p⃗i|
∑︂
X

σ(A → X). (2.10)

Experimentally, this equation means that the total cross section can be measured
either by counting all the final states produced, or via the forward elastic scat-
tering amplitude. Moreover, another important implication of this theorem in high-
energy physics is that the amplitudes cannot be arbitrarily large [44]. Indeed, writing
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Eq. 2.10 in a more compact notation we have that Im M ≤ |M|2 =⇒ |M| < 1.
Bounds for the amplitudes can be made explicit in many ways. An example worth to
be mentioned is the so-called Froissart bound, that puts a strong upper constraint
on the high-energy processes total cross-section of the order of ln2ECM .
The focus of this chapter will instead be another general bound descending from
the optical theorem: the perturbative unitarity bound.

1.1 partial wave unitarity bounds

Let us consider an elastic scattering process with 2 particles in the initial state and
the same two particles in the final state. The total cross section in the center-of-mass
reference frame for these processes can be expanded in terms of partial waves:

σtot(AB → AB) =
1

32πE2
CM

∫︂
d cos θ|M(θ)|2, (2.11)

where the amplitude

M(θ) = 16π
∞∑︂
j=0

aj(2j + 1)Pj(cos θ) (2.12)

is written in terms of the Legendre polynomials Pj(cos θ), satisfying Pj(1) = 1 and

∫︂ 1

−1
Pj(cos θ)Pk(cos θ)d cos θ = 2

2j + 1δjk. (2.13)

If we integrate Eq. 2.11 on cos θ we get

σtot =
16π
E2

CM

∞∑︂
j=0

(2j + 1) |aj |2 . (2.14)

Now, for the optical theorem the imaginary part of the forward scattering amplitude,
at θ = 0, is related to the total cross section:

Im M(θ = 0) = 2ECM |p⃗i|
∑︂
X

σtot(AB → X)

≥ 2ECM |p⃗i|σtot(AB → AB)
(2.15)

and therefore
∞∑︂
j=0

(2j + 1) Im (aj) ≥ 2 |p⃗i|
ECM

∞∑︂
j=0

(2j + 1) |aj |2 . (2.16)

We can see its meaning through an extremely simple process, although the same
arguments apply to more general cases but with a more involved mathematical
derivation.
Let us focus on the high-energy limit |p⃗i| = 1

2ECM and drop out the sum on j by
looking at the scattering between angular momentum eigenstates:

Im (aj) ≥ |aj |2 . (2.17)
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Figure 2.1: Unitarity constraint in the Argand plane. A Born value of aj = 1
2 and Im aj = 0 (red line)

requires a correction (blue line), which amounts to at least the
√

2 − 1 40% of the the tree-level
value in order to come back inside the unitarity circle [45].

This means that |aj | must lie inside the circle in the Argand plane defined by

(Re aj)2 +
(︃

Im aj − 1
2

)︃2
≤ 1

4 (2.18)

that implies

0 ≤ Im aj ≤ 1 and |Re aj | ≤ 1
2. (2.19)

The assumption that the tree-level amplitude is real suggests the following pertur-
bativity criterium⃓⃓⃓

Re (aj)Born ⃓⃓⃓ ≤ 1
2. (2.20)

In fact, a Born value of Re aj = 1
2 and Im aj = 0 needs at least a correction of

40% in order to restore unitarity (Fig. 2.1).
As we approach the upper bound of the inequality in Eq. 2.16, higher-order cor-

rections are becoming more and more important for our calculation, and we are
losing the predictability of our theory. As we will see in the next section, although
we have obtained the partial wave unitarity bound in its simpler formulation, i.e.
for elastic scattering and tree-level amplitudes, its validity is granted also for the
inelastic scattering processes [44].

Much earlier than the discovery of the Higgs boson, perturbative unitarity’s claim
to fame is the Vector Boson Scattering (VBS) process, which is also extensively
faced in this thesis with an experimental search within the CMS Collaboration
at the LHC. The constraint has been used to infer an upper bound on the Higgs
boson mass or on the scale where the SM description of weak interactions would
need to be completed in the ultraviolet (UV) in terms of some new strongly coupled
dynamics [46,47]. Indeed, within the SM, the sum of all these contributions results in
a(s, θ) = ∑︁

i ai(s, θ) ∝ s/M2
W . As a consequence when s ≫ MW , the cross section
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Figure 2.2: Contributions from the triple (TGC) and quartic gauge couplings (QGC) for the scattering
(top line), and contributions from the Higgs s-channel and t-channel exchange (bottom line).

grows proportional to s and the unitarity condition is not satisfied (Figure 2.2).
Lee, Quigg, and Thacker [48] found that if the Higgs boson mass exceeds the value(︂
8π

√
2

3 GF
)︂ 1

2 ≈ 1 TeV, partial-wave unitarity is not respected by the tree diagrams
for the two-body scattering of gauge bosons, and the weak interactions must become
strong at high energies.

2 perturbative unitarity bounds for effective com-
posite models

It is well known that partial wave unitarity condition is a powerful tool to estimate
the perturbative validity of effective field theories (EFTs). It has been used in the
past to provide useful insights both in strong and electroweak interactions [46] as well
as in quantum gravity [49], in composite Higgs models [50], and in searches of scalar
di-boson resonances [45,51], searches for dark matter effective interactions [52] and
on generic dimension-6 operators [53]. In this section, we present the partial wave
unitarity bound in the parameter space of dimension-5 and dimension-6 effective
operators that arise in the compositeness scenario presented in the first Chapter.
These are routinely used in experimental searches at the LHC to constraint con-
tact and gauge interactions between ordinary Standard Model fermions and excited
(composite) states of mass M . After deducing the unitarity bound for the produc-
tion process of a composite neutrino, we implement such a bound and compare it
with the recent experimental exclusion curves for LHC Run 2, the High-Luminosity
and High-Energy configurations of the LHC. Our results also apply to the searches
where a generic single excited state is produced via contact interactions. We find
that the unitarity bound, so far overlooked, is quite compelling, and significant por-
tions of the parameter space (M , Λ) become excluded in addition to the standard
request M ≤ Λ.
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We anticipate that one possible BSM alternative, widely discussed in literature
and routinely pursued in high-energy experiments, is a composite-fermions scenario,
which offers a possible solution to the hierarchy pattern of fermion masses [54–58].
In this context [30, 32–34, 59, 60], SM quarks “q” and leptons “ℓ” are assumed to
be bound states of some as yet not observed fundamental constituents generically
referred as preons. If quarks and leptons have an internal substructure, they are
expected to be accompanied by heavy excited states ℓ∗, q∗ of masses M that should
manifest themselves at an unknown energy scale, the compositeness scale Λ.

As is customary in an EFT approach, the effects of the high-energy physics scale,
here Λ, are captured in higher-dimensional operators that describe processes within
a lower energy domain, where the fundamental building blocks of the theory can-
not show up. Hence, the heavy excited states may interact with the SM ordinary
fermions via dimension-5 gauge interactions of the SU(2)L⊗ U(1)Y SM gauge group
of the magnetic-moment type (so that the electromagnetic current conservation is
not spoiled by e.g. ℓ∗ℓγ processes [32]). Besides, the exchange of preons and/or bind-
ing quanta of the unknown interactions between ordinary fermions (f) and/or the
excited states (f∗) results in effective contact interactions (CI) that couple the SM
fermions and heavy excited states [10, 31, 33, 60]. In the latter case, the dominant
effect is expected to be given by the dimension-6 four-fermion interactions scaling
with the inverse square of the compositeness scale Λ:

L6 =
g2

∗
Λ2

1
2j

µjµ , (2.21a)

jµ = ηLf̄LγµfL + η′Lf̄∗
Lγµf

∗
L + η′′Lf̄∗

LγµfL + h.c.
+ (L → R) , (2.21b)

where g2
∗ = 4π and the η’s factors are usually set equal to unity. In this work

the right-handed currents will be neglected for simplicity (this is also the setting
adopted by the experimental collaborations).

As far as gauge interactions (GI) are concerned, let us consider the first lepton
family and assume that the excited neutrino and the excited electron are grouped
into left-handed singlets and a right-handed SU(2) doublet: e∗

L, ν∗
L ,L∗

R = (ν∗
R , e∗

R)
T ,

so that a magnetic type coupling between the left-handed SM doublet and the
right-handed excited doublet via the SU(2)L⊗ U(1)Y gauge fields can be written
down [32,41]:

L5 =
1

2Λ
L̄∗
Rσ

µν
(︃
gf

τ

2 · Wµν + g′f ′Y Bµν

)︃
LL + h.c. . (2.22)

Here, LT = (νℓL, ℓL) is the ordinary lepton doublet, g and g′ are the SU(2)L and
U(1)Y gauge couplings and Wµν , Bµν are the field strength tensor of the correspond-
ing gauge fields respectively; τ are the Pauli matrices and Y is the hypercharge, f
and f ′ are dimensionless couplings and are expected (and assumed) to be of order
unity.

Excited states interacting with the SM sector through the model Lagrangians
(2.21a)-(2.21b) and (2.22) have been extensively searched for at high-energy collider
facilities. The current strongest bounds are due to the recent LHC experiments.
Charged leptons (e∗,µ∗) have been searched for in the channel pp → ℓℓ∗ → ℓℓγ [61–



2 perturbative unitarity bounds for effective composite models 21

=

q̄′

q

W

ℓ

N∗
ℓ

+

q̄′

q

ℓ

N∗
ℓ

q̄′

q

ℓ

N∗
ℓ

Figure 2.3: Feynman diagrams depicting the mechanisms responsible for the process qq̄′ → N∗ℓ, where
ℓ stands for both ℓ±. The dark grey blob (diagram on the left) describes the production of
an on-shell heavy Majorana neutrino N in proton-proton collisions at LHC. The production
is possible both with gauge interactions (first diagram on the right-hand side) and with four-
fermion contact interactions (second diagram on the right-hand side).

67], i.e. produced via CI and then decay via GI, and in the channel pp → ℓℓ∗ → ℓℓqq̄′

[68] where both production and decay proceed through CI. Neutral excited leptons
have been also discussed in the literature and the corresponding phenomenology
at LHC has been discussed in detail in the case of a heavy composite Majorana
neutrino N∗ [69]. A dedicated experimental analysis has been carried out by the
CMS collaboration [42] on LHC data collected at

√
s = 13 TeV and looking for the

process

pp → ℓN∗
ℓ → ℓℓqq̄′, (2.23)

with dilepton (dielectrons or dimuons) plus diquark final states. The existence of N∗
ℓ

is excluded for masses up to 4.60 (4.70) TeV at 95% confidence level, assuming M =
Λ. Moreover, the composite Majorana neutrinos of this model can be responsible
for baryogenesis via leptogenesis [70,71]. The phenomenology of other excited states
has also been discussed in a series of recent papers [69,72–78].

We emphasize that in all phenomenological studies referenced above,as well as all
experimental analyses that have searched for excited states at colliders, it is custom-
ary to impose they constrain M ≤ Λ on the parameter space of the model. To the
best of our knowledge unitarity has never been taken into account and/or discussed
in connection with the effective interactions of the so-called excited states. The
main goal of this work is to report instead that the unitarity bounds, as extracted
from Eq. (2.21a)-(2.21b) and (2.22), are quite compelling and should be included
in future studies of such effective composite models because they constrain rather
strongly the parameter space. While we present an explicit calculation of the unitar-
ity bound for heavy composite neutrino searches, we expect that similar bounds (i.e.
equally compelling) would apply for excited electrons (e∗), muons (µ∗), and quarks
(q∗). Indeed, the effective operators that describe the latter excited states have the
very same structure as those referred to as the composite neutrinos.

2.1 unitarity in single-excited-fermion production

For the derivation of the unitarity bound, we adopt a standard method that makes
use of the optical theorem and the expansion of the scattering amplitude in partial
waves. To specify the CI and GI Lagrangians for a definite situation, we consider
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the production of the excited Majorana neutrino at the LHC. However, we shall
highlight when the results apply to other composite fermion states in the following.

The central object that we shall derive from the operators in the effective La-
grangians (2.27) and (2.28) is the interacting part of the S matrix, indicated with T
in this letter. It enters the partial wave decomposition of the scattering amplitude
as follows

Mi→f (θ) = 8π
∑︂
j

(2j + 1)T ji→fd
j
λf λi

(θ) , (2.24)

where j is the eigenvalue of the total angular momentum J of the incoming (out-
going) pair, djλf λi

(θ) is the Wigener d-function and λi (λf ) is the total helicity
of the initial (final) state pair. Without loss of generality, we consider azimuthally
symmetric processes and fix ϕ = 0 accordingly. From the optical theorem and the
decomposition in Eq. (2.24), one can find the perturbative unitarity condition of an
inelastic process for each j to be∑︂

f ̸=i
βiβf |T ji→f |2 ≤ 1 , (2.25)

where βi (βf ) is obtained from the two-body phase space and reads for two generic
particles with masses m1 and m2

β =

√︂
[ŝ− (m1 −m2)2] [ŝ− (m1 +m2)2]

ŝ
. (2.26)

It corresponds to the particle velocity when m1 = m2. It is important to notice
that the unitarity bound is imposed on the subprocess involving the proton valence
quarks as initial state, namely qq̄′ → ℓN∗

ℓ as shown in Figure 2.3. Then, for the
process of interest, the relevant interaction(s) are as follows:

LCI =
g2

∗ η

Λ2 q̄
′γµPLq N̄γµPLℓ+ h.c. , (2.27)

LGI =
g f√
2Λ

N̄σµν(∂µW
+
ν )PLℓ+ h.c. , (2.28)

with the LH projector defined as PL = (1 − γ5)/2. Accordingly, in Eq. (2.26),
ŝ denotes the center-of-mass energy in each collision and it is obtained from the
nominal collider energy and the parton momentum fractions as ŝ = x1x2 s. As
far as the kinematics are concerned, βi = 1 can be used since the valence quark
masses are negligible with respect to the center-of-mass energy. Instead, one finds
βf = 1 −M2/ŝ for the final state, where the composite neutrino mass has to be
kept.

The core of the method relies on the derivation of the amplitude for the process
of interest induced by the contact and gauge-mediated ones effective Lagrangians
(2.27) and (2.28). Then, one matches the result so-obtained for Mi→f with the r.h.s
of Eq. (2.24) and extracts the corresponding T ji→f for each definite eigenvalue of
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the total angular momentum (j). The latter is inserted into Eq. (2.25) to derive
the unitarity condition that the model parameters (Λ,M , g∗, g) and the center-of-
mass energy have to obey. To this end, the amplitude Mi→f is decomposed in
terms of definite helicity states and, therefore, we have to express the initial and
final state particles spinors accordingly [79]. The helicity of each particle in the
initial or final state is λ = ±1/2, being all the involved particles fermions (also the
composite neutrinos are spin-1/2 fermion). We shall simply use ± to label the initial
and final state helicity combinations, (+,+), (+, −), (−,+) and (−, −). Since in
the center-of-mass frame the incoming and outgoing particles travel in opposite
directions, the helicities in the Wigner d-functions are defined as λi = λq − λq̄′ and
λf = λN∗ −λℓ. One can adopt two different bases for expressing the spinors and the
gamma matrices, the Dirac and chiral bases (see e.g. appendix in ref. [52]). We used
both the options to derive T ji→f and checked that our findings are indeed invariant
upon the choice of the basis.

We give the result for the CI Lagrangian in Eq. (2.27) first. The non-vanishing
helicity amplitudes read

T j=1
(−,+)→(−,+) = − ŝ g2

∗
12πΛ2

(︄
1 − M2

ŝ

)︄ 1
2

, (2.29)

T j=1
(−,+)→(+,+) =

√
ŝM g2

∗
12

√
2πΛ2

(︄
1 − M2

ŝ

)︄ 1
2

. (2.30)

Only the amplitude with j = 1 is non-zero, due to the initial helicity state. The same
occurs with the vector and axial-vector operators studied in [52] for dark matter
pair production at colliders. We notice that a finite composite neutrino mass allows
for the helicity flip in the final state originating the term in Eq. (2.30). We obtain
the same result if we work with right-handed particles in the CI operator, however
the helicities in Eqs. (2.29) and (2.30) flip as + ↔ −. Using Eq. (2.24) and summing
over the non-vanishing final helicity states, we obtain

g4
∗ ŝ (2ŝ+M2)

288π2Λ4

(︄
1 − M2

ŝ

)︄2
≤ 1 . (2.31)

As far as the GI process is concerned, we proceed the same way. A dimension-5
operator is involved and, in this case, the W boson mediates the scattering between
the initial and final states. We keep the W boson mass in our expression, even if it
is much smaller than the typical ŝ values of the pp collisions. The SM electroweak
current enters besides the one from the composite model and the helicity amplitudes
are found to be

T j=1
(−,+)→(−,+) = − ig2

24πΛ
ŝ3/2

ŝ−m2
W

(︄
1 − M2

s

)︄ 1
2

, (2.32)

T j=1
(−,+)→(+,+) =

ig2

24
√

2πΛ
ŝM

ŝ−m2
W

(︄
1 − M2

ŝ

)︄ 1
2

, (2.33)

and the corresponding result for the unitarity bound is
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g4

1152π2Λ2
ŝ2 (2ŝ+M2)

(ŝ−m2
W )2

(︄
1 − M2

ŝ

)︄2
≤ 1 . (2.34)

A comment is in order. The unitarity bound in Eq. (2.31) is valid for the more
generic production process qq̄′ → f∗f , i.e. excited charged or neutral leptons and
excited quarks accompanied by a SM fermion. This statement traces back to the
particle-blind choice adopted in the CIs framework, where the η’s are set to unity
in all the cases. More care has to be taken about wider applicability of the result for
GIs in Eq. (2.34). Here, different factors can enter according to the gauge couplings
and gauge bosons that describe the processes involving excited charged leptons and
quarks instead of composite neutrinos.

2.2 implementing the bound

The production of heavy composite Majorana neutrinos has been studied by the
CMS Collaboration by studying the final state with two leptons and at least one
large-radius jet, with data from pp collisions at

√
s = 13 TeV and with an inte-

grated luminosity of 2.3 fb−1 [42]. Good agreement between the data and the SM
expectations was observed in the search, but the whole dataset of Run 2 of the LHC
still needs to be analyzed. Therefore, the issue of the unitarity condition on the
accessible parameter space (M , Λ) urges to be assessed. As usual in BSM searches,
the absence of a signal excess over the SM background is translated into an exper-
imental bound on the parameter space (M , Λ). Moreover, the sensitivity of this
search was investigated for two future collider scenarios: the High-Luminosity LHC
(HL-LHC), with a center-of-mass energy of 14 TeV and an integrated luminosity of
3 ab−1, and the High-Energy LHC (HE-LHC), with a center-of-mass energy of 27
TeV and an integrated luminosity of 15 ab−1 [80]. The projection studies, included
in the recent Yellow Report CERN publication [81,82], have shown the potential of
such facilities in reaching much higher neutrino masses.

In this section, the perturbative unitarity bounds are applied to these searches
in the dilepton and a large-radius jet channel with the CMS detector for the three
different collider scenarios. Figure 2.4 presents the approach developed.

As already clear from the rather different coupling values entering the Lagrangians
(2.27) and (2.28), namely g/

√
2 ≈ 0.4 versus g2

∗ = 4π, the production mechanism
of a heavy composite neutrino and other excited states is dominated by the contact
interaction mechanism [76]. In particular, it was shown that cross-sections in contact-
mediated production are usually more than two orders of magnitude larger than the
gauge mediated ones for all values of the Λ and M relevant in the analyses. This
means that it is a reasonable approximation to consider only the bounds given in
Eq. (2.31) to constrain the unitarity violation of the signal samples.

To estimate the effect of the unitarity condition on LHC searches, we need to
implement the bounds in the case of hadron collisions. Then, the square of the
center-of-mass energy of the colliding partons system, ŝ = x1x2s does not have a
definite value. To this aim, we have estimated ŝ in each event generated in the Monte
Carlo (MC) samples, and we have input the result into Eq. (2.31) to obtain level
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Figure 2.4: Scheme of implementation of the unitarity bound in Eq. 2.31 for the production of heavy
composite Majorana neutrino at the LHC.

curves on the parameter space for which the unitarity bound is satisfied to some
extent. Indeed, the constraint in Eq. (2.31) should not be interpreted too strictly. A
violation of such bounds would signal the breakdown of the EFT expansion and call
for higher-order operators in

√
ŝ/Λ to help in restoring the unitarity of the process.

Therefore, we implement a theoretical uncertainty by allowing up to 50% of the
events to violate the bound, that corresponds to assigning a relative correction to
the cross-section δσ/σLO ≤ 0.5 from higher-order terms.

The MC samples for the signal are generated at Leading Order (LO) with CalcHEP
(v3.6) [83] for

√
s = 13, 14 and 27 TeV proton-proton collisions, using the NNPDF3.0

LO parton distribution functions with the four-flavor scheme [84], spanning over the
(Λ,M) region covered by the experimental searches [80]. The information on the
parton momenta is then retrieved from the Les Houches Event (LHE) files of each
signal process through MadAnalysis [85]. We have explicitly checked that, in the
mass range explored, the ŝ-distributions in our MC simulations are peaked at values
around M2 almost irrespective of the nominal collider energy

√
s = 13, 14, 27 TeV.

This is somehow expected on general grounds since in the generated signal events
the available energy,

√
ŝ, is mostly used to produce a heavy excited state (of mass

M). Of course, the larger the collider energy the more prominent the distribution
tails at high ŝ values. These expectations are corroborated by analytical expressions
for the ŝ-distributions that can be retrieved from ref. [69], involving only the product
of the parton luminosity functions and the hard production process cross-section.

The results are presented in Figs. 2.5, 2.6 and 2.7 for the Run 2, HL-LHC and HE-
LHC scenario respectively. The regions below the solid (violet) lines in Figs. 2.5-2.7
delimit the parameter space for which respectively 100%, 95% and 50% of the events
satisfy the unitarity bound, i.e. they define the regions where the model should not
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Figure 2.5: The unitarity bound in the (M , Λ) plane compared with the Run 2 exclusion at 95% CL
from [42], dashed line (blue), for the eeqq̄′ final state signature. The solid (violet) lines with
decreasing thickness represent the unitarity bound respectively for 100%, 95% and 50% event
fraction satisfying Eq. 2.31. The dot-dashed (gray) line stands for the M = Λ condition. Here
and in the following figures both Λ and M start at 100 GeV, and the dotted (black) curve
corresponds to the theoretical unitarity bound (Eq. 2.31 with ŝ = s).

be trusted because unitarity is violated for such (M , Λ) values. It is important
to underline that the impact of the unitarity bound is strongly dependent on this
fraction of events (f) that satisfy the condition in Eq. (2.31). This conforms with the
results in [52], at least in the (Λ,M) region considered here. Moreover, we observe
that there is a value of the compositeness scale Λ, which depends on the parton
collision energy

√
ŝ and the excited fermion mass M , above which the unitarity

bound saturates. Indeed, one can estimate an upper bound for such a value from
Eq. (11) by setting the collision energy

√
ŝ =

√
s; it is represented with the dotted

(black) line in Fig. 2.5-2.8 for the corresponding nominal energies
√
s = 13, 14, 27

TeV. An approximated (maximal) value of Λ ≈
√
s/3, which saturates the unitary

bound, is obtained when s ≫ M2.

2.3 discussion and results

Let us elaborate on our findings and explain their impact on the experimental anal-
yses carried out at the LHC. First of all, the experimental outcomes are summarized
with exclusion regions in the (M , Λ) plane, which are in turn set with the 95% C.L.
observed (Run 2) [42] and expected limit (HL/HE-LHC) [81,82], namely the dashed
blue lines in Figure 2.5, 2.6 and 2.7 respectively. Above these lines, the model is
still viable, whereas below it is excluded. The experimental collaborations quote
routinely the largest excluded excited-state mass by intersecting the 95% C.L. ex-
clusion curves with the M ≤ Λ constraint (dot-dashed gray line and gray shaded
region in Figure 2.5, 2.6 and 2.7). This is the widely discussed condition imposed
on the model validity and it originates from asking the heavy excited states to be
at most as heavy as the new physics scale Λ. Despite being a reasonable constraint,



2 perturbative unitarity bounds for effective composite models 27

� � � � �
�

��

��

��

��

Figure 2.6: The unitarity bound in the plane (M , Λ) for the three event fractions as in Fig. 2.5 compared
with the exclusion from the High Luminosity projections study in [81] for LHC at

√
s = 14

TeV at 3 ab−1 of integrated luminosity.
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Figure 2.7: The unitarity bound in the plane (M , Λ) for the three event fractions as in Fig. 2.5 compared
with the exclusion curve from the HE-LHC projection studies in [81] for

√
s = 27 TeV at 15

ab−1 of integrated luminosity.

it does not take into account the typical energy scale that enters the production
process, i.e.

√
ŝ.

Comparing the unitarity bounds, as represented by the solid violet lines in Fig-
ure 2.5, 2.6 and 2.7, with the usual prescription of M ≤ Λ we can frame the interplay
between the two. For small values of the heavy neutrino masses (M), the unitar-
ity bound is more restrictive than M ≤ Λ and it shrinks the available parameter
space quite considerably (at least for f = 100% and 95%). On the other hand, for
higher values of the masses, the two become compelling. The relative importance
depends on both the collider nominal energy and event fraction f . If one applies
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Figure 2.8: The unitarity bound in the plane (M , Λ) for the three event fractions as in Fig. 2.5 compared
with the exclusion from the Run 2 for charged leptons searches with two different final states [67,
68].

LHC Run 2 (N∗) LHC Run 2 (e∗) LHC Run 2 (e∗)
2.3 fb−1,

√
s = 13 TeV 35.9 fb−1,

√
s = 13 TeV 77.4 fb−1,

√
s = 13 TeV

M = Λ M ≤ 4.6 TeV [42] M ≤ 4.0 TeV [67] M ≤ 5.5 TeV [68]

Unitarity 100% M ≤ 3.6 TeV (Λ = 6.4 TeV) M ≤ 3.3 TeV (Λ = 6.5 TeV) M ≤ 4.9 TeV (Λ = 6.4 TeV)

Unitarity 50% − M ≤ 4.9 TeV (Λ = 2.8 TeV) M ≤ 7.0 TeV (Λ = 2.9 TeV)

Table 2.1: In the first line we quote the bounds reported in the CMS analysis of like sign dilpetons and
diquark for excited neutrinos [42] and the bounds from CMS for two analyses for excited charged
leptons [67,68]. In the second (third) line, we quote instead the strongest mass bound obtained
from Figs. 2.5 and 2.8 when the perturbative unitarity bound with f = 100% (50%) crosses the
95% C.L. exclusion curve from the experimental studies.

the unitarity bound to the experimental results by following the same prescription
as outlined before for M ≤ Λ, then the maximal neutrino mass values are those
collected in Table 2.1, second row. For example, for LHC Run 2, we find M ≤ 3.6
TeV for Λ = 6.4 TeV instead of M ≤ 4.6 TeV (Λ = 4.6 TeV), when the unitarity
bound is required to be satisfied by the 100% of events. As anticipated, the new
constraint set by the unitarity bound offers an alternative theoretical input for ongo-
ing and future experimental analyses on this effective composite model. We provide
the unitarity bound down to M = 100 GeV. Smaller values clash with the original
model setting that assumes some new physics above the electroweak scale triggering
fermion excitations [32, 33].

While in this study we have concentrated on the impact of unitarity bounds
on the heavy composite neutrino production at the LHC, HL-LHC, and HE-LHC,
we expect that similar bounds will affect the searches for charged excited leptons.
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Leaving more detailed studies for future work, we apply the unitarity bound in
Eq. (2.31) for the recent experimental results reported in [67, 68], where charged
excited leptons are produced via CI in the process pp → ℓ∗ℓ, with ℓ∗ = e∗,µ∗. Being
the effective Lagrangian for the production mechanism the very same as for excited
Majorana neutrinos (if one insists on η = 1 for the different states), we can use
the unitarity bound as extracted for

√
s = 13 TeV and apply it for the process

involving charged excited leptons. The comparison with the experimental exclusion
limit at 95% C.L. is shown in Figure 2.8. As anticipated, the comparison with the
observed and expected limits produces different mass reaches. For the case of LHC
Run 2 searches recently performed in CMS, we quote the corresponding mass values
in Table 2.1 for the searches of excited charged leptons. As for the analyses on the
excited charged states, we can exploit the data as provided in the region M > Λ
and inspect the interplay with the unitarity bound for f = 100%, 95%, 50%. On
the other hand, we cannot provide as many mass values for the excited neutrino
searches, due to the lack of experimental data in the same region M > Λ. When
f = 100% is considered, the largest excited lepton mass reads 3.3 TeV (4.9 TeV)
instead of 4.0 TeV (5.5 TeV) for the eeγ (eeqq̄′) final state.

In conclusion, we studied the perturbative unitarity bound extracted from the
effective gauge and contact Lagrangians for a composite-fermion model. On general
grounds, an effective theory is valid up to energy/momentum scales smaller than the
large energy scale that sets the operator expansion. Since collider experiments are
involving more and more energetic particle collisions, the use and the applicability of
effective operators can be questioned. To address this issue and to be on the safe side,
one can impose the unitarity condition both on the EFT parameters (M , Λ, g∗, g)
and the energy involved in a given process. To the best of our knowledge, such
a constraint was not derived for the model Lagrangians in Eq. (2.27) and (2.28),
and we have obtained the corresponding unitarity bounds, namely Eqs. (2.31) and
(2.34). Thus, the applicability of the effective operators describing the production
of composite neutrinos (and other excited states) has to be restricted accordingly.
We have considered an estimation of the theoretical error on the unitarity bound,
which is derived at leading order in the EFT expansion, by allowing up to 50% of
the events to evade the constraint. This originates the violet lines in Figures 2.5-2.8.

Based on the results, further investigations may be devoted to a better understand-
ing of the theoretical error. Indeed the strong dependence of the unitarity bound on
the fraction of events f , especially so in the low-mass region, calls perhaps for an
estimate of possible higher-order terms in the effective theory expansion (operators
of dimension-7 for contact interactions). In doing so, one could pinpoint a particular
choice of f more rigorously.

Nonetheless, we will see in Chapter 4 how the findings here discussed will have
a significant impact on ongoing and future experimental searches for excited states
coupling to the SM fermions with the interactions given in (2.27) and (2.28). At the
very least, the unitarity bounds play the role of a collider-driven theoretical tool
for interpreting the experimental results of the considered composite models, more
rigorous than the simple relation M ≤ Λ.
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E X P E R I M E N TA L S E T U P : T H E C M S
D E T E C T O R

In this section, we provide an introduction of the Large Hadron Collider (LHC) and
its facilities, with an emphasis on the Compact Muon Solenoid (CMS) experiment.
The data taken from the second Run started in 2016 and concluded in 2018, a collec-
tion of approximately 140 fb−1 of integrated luminosity of proton-proton collisions
with a center-of-mass energy of 13 TeV, are then used in two distinct searches in
Chapter 4.

1 the large hadron collider

The LHC is the world’s largest and most powerful particle accelerator, built overlap-
ping the France and Swiss border, near Geneva. It consists of a ring-shaped tunnel
with a circumference of 27 km, placed to an average depth of 100 m. This facility
can accelerate proton beams up to energies of 7 TeV per particle or heavy nuclei up
to energies of 5.74 TeV per nucleus. The tunnel contains two adjacent pipes crossing
each other at four points. The particles bunches travel in the beam pipes in opposite
directions and collide in the intersection points. The particles are bend on the curvi-
linear trajectory using 1232 magnetic dipoles, while 392 magnetic quadrupoles main-
tain the beams focused for the maximization of the interaction probability of the
particles in the intersection points. These superconducting magnets are composed
of a niobium and titanium alloy and are maintained at the operating temperature
of 1.9 K with liquid helium. Before entering the LHC, the particles pass through a
chain of accelerators that gradually bring the beam to higher energies (Figure 3.2,
on the right). Each technology of particle acceleration has maximum and minimum

Figure 3.1: On the left, the aerial view of the CERN LHC and the scheme [86]. On the right, the scheme
of the accelerator chain at CERN.
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limits of operating energy. The particles at low energy are produced by two linear
accelerators, called LINAC, one for the protons and one for the heavy nuclei. Then
the particles go through the ring accelerators, first the PS booster, then the Proton
Synchrotron, then the Super Proton Synchrotron, and finally, they enter the LHC.
Along the LHC ring, there are six principal experiments. The two largest are CMS
and ATLAS [87], the former being described in detail in the next section. Among
the others, we can mention the LHCb experiment [88], mainly implemented to study
the physics of the B mesons, and ALICE [89], suited for the study of heavy ions
collisions.

2 the cms experiment

Figure 3.2: The Run 2 CMS detector and its main components [90].

2.1 cms detector components

The symmetrical CMS detector [91–94] is built in a traditional barrel design with
two endcaps to provide nearly 4π coverage. As the name suggests, the CMS detec-
tor has a compact design and is specifically built to provide good muon detection
and resolution. The particle identification is aided by the superconducting solenoid
that provides a 4 Tesla magnetic field. CMS is composed of a series of layers of
sub-detector, each one with a specific function. It is a cylindrical structure sym-
metric around the interaction point and the beam pipe. The innermost layer is a
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silicon-based tracker topped by an onion-shaped scintillating crystal Electromag-
netic Calorimeter (ECAL). The ECAL is then surrounded by a Hadron Calorimeter
(HCAL) followed by the outermost layer, consisting of systems designed for the muon
detection. Figure 3.2 introduces the CMS modular design, which is briefly described,
from the inside out, in all its main components throughout this section [95].

2.2 inner tracker

The inner tracker [96] is housed around the LHC beam pipe. It is designed to pre-
cisely determine the trajectory of charged particles, with high momentum resolution
and efficiency better than 98% in the range |η| <2.5. Combined with measurements
from the dedicated muon detection system, the tracking system contributes to high-
resolution muon measurements in CMS. Cylindrical in shape, the tracker consists
of two subsystems: a pixel detector that extends radially from 4.4 cm to 10.2 cm
away from the beamline, and a silicon strip tracker that covers the radii between
20 cm and 116 cm. The pixel detector has an intrinsic spatial resolution of about
20 µm along the z-axis and up to 10 µm in the r− ϕ direction and is placed close
to the interaction region to improve the measurement of the impact parameter of
charged-particle tracks, as well as the position of secondary vertices. It is divided
into 3 barrel layers, placed at radial distances of 4.4 cm, 7.3 cm, and 10.2 cm from
the beamline, and 2 endcap disks on each side of the barrel located at ±34.5 cm and
±46.5 cm from the interaction point. The single-pixel cells of a size of 100 × 150µm2,
are arranged in modules for a total of 1440. The pixel tracker is surrounded by the
silicon strip tracker composed of the inner strip tracker and the outer strip tracker.
The four different subsystems contain in total 15148 detector modules carrying ei-
ther one thin (320 µm) or two thick (500 µm) silicon sensors. The tracker inner
barrel contains four concentric cylinders placed at radii of 25.5 cm, 33.9 cm, 41.9
cm, and 49.8 cm respectively covering the range |z| < 70 cm. The tracker inner
disks comprise 3 identical disks placed within the segments 80 cm < |z| < 90 cm
on each side of the inner barrel, and spanning a radial region from 20 cm to 50 cm.
The tracker outer barrel is instead a 218 cm long single mechanical structure with
inner and outer radii of 55.5 cm and 116 cm respectively, composed of four identical
disks joined by three outer and three inner cylinders. The outer endcaps include 18
disks (9 on each side) extended radially from 22 cm to 113.5 cm and placed from
±124 cm to ±280 cm along the z-direction.

2.3 calorimetry

Electrons, photons, and hadrons will deposit their energies in the calorimeters for ac-
curate energy measured. The inner calorimeter layer, the Electromagnetic Calorime-
ter [97], is designed to measure electrons and photons’ energy deposits with high
precision. Strongly-interacting particles and hadrons lose most of their energy in the
second layer, the Hadron Calorimeter [98]. Muons deposit only a tiny fraction of
their energy in the calorimeters, and thus their detection is obtained by combining
the information from the tracking and the muon detector subsystems. Neutrinos es-
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cape detection, and we can infer their presence from an apparent energy imbalance
in the interaction.

2.4 electromagnetic calorimeter (ecal)

CMS has a very compact scintillating crystal calorimeter that offers excellent en-
ergy resolution performance since almost all of the energy of electrons and photons
is transferred within the crystal volume. The electromagnetic calorimeter (ECAL)
uses 75848 lead-tungstate (PbWO4) crystals with coverage in pseudorapidity up to
|η| < 3.0. The majority of these crystals (about 61200) structure the central ECAL
barrel (|η| < < 1.48), while the rest are in the two endcap regions. The scintillation
light coming from the interactions with the crystal is detected by silicon avalanche
photodiodes (APDs) in the barrel region and vacuum photodiodes (VPTs) in the
endcap region. A pre-shower system is installed in front of the endcap ECAL for
the π0 mesons rejection and the detection of photons. It is designed to detect the
slightly-overlapping pair of photons from a short-lived π0 decay and to distinguish
these from the shower produced from a single photon interaction in the calorimeter
material. The pre-shower detector is composed of lead absorbers and silicon strips
sensors and spans the fiducial region of 1.65 < |η| < 2.6.

2.5 hadronic calorimeter (hcal)

The ECAL is surrounded by a brass/scintillator sampling Hadron Calorimeter (HCAL)
with coverage up to |η| < 3.0. More precisely, the HCAL is located between the
ECAL and the magnet coil (1.77 m < r < 2.95 m), plus an outer hadron calorime-
ter (HO) installed outside the solenoid to ensure an adequate thickness in the central
region. The remaining three components of the HCAL system are the inner barrel
(HB), the endcaps (HE), and the forward calorimeter (HF) that provides coverage
up to |η| = 5.0 to ensure full geometric coverage for the measurement. The barrel
and endcap component are sampling calorimeters with 50 mm thick copper ab-
sorber plates interleaved with 4 mm thick scintillator sheets. The scintillation light
is converted by wavelength-shifting (WLS) fibers embedded in the scintillator tiles
and channeled to photodetectors via clear fibers. This light is detected by novel
photodetectors (hybrid photodiodes, or HPDs) that can provide gain and operate
in high axial magnetic fields. In the harsher radiation environment of the forward
systems, the steel absorber plates are used and the hadronic showers are seen by
radiation-resistant quartz-fibers. The Cerenkov light emitted in the quartz fibers is
detected by conventional photomultiplier tubes. The HCAL plays an essential role
in the identification and measurement of quarks, gluons, and neutrinos by measuring
the energy and direction of jets and missing transverse energy flow in events. The
HCAL depth is crucial to contain high-energy jets and to filter out hadrons from
jets involving muons. As we will see in the next chapter, the accurate measurements
of high-energy jets are a fundamental tool for searches for high mass SM and BSM
processes.
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2.6 superconducting magnet

At the heart of CMS sits a 13-m-long, 6 m inner diameter, 12,000 ton, 3.8 T super-
conducting solenoid [99] which in part gives CMS its name. The CMS magnet system
consists of a superconducting coil, the magnet yoke (barrel and endcap), a vacuum
tank, and ancillaries such as cryogenics, power supplies, and process controls. Inside
the bore of the magnet sit the inner tracker and the calorimetry, while outside is
the flux return system and muon detector. In order to achieve good momentum
resolution with a compact spectrometer, it is necessary to have a combination of a
high magnetic field and high precision on the spatial resolution and alignment of
the detectors. The momentum measurement of charged particles in the detector is
based on the bending of their trajectories. The magnetic field also brings benefits
for calorimetry - it enables the detection of many isolated electrons produced by
the decays of W’s, Z’s, and b quarks. Using these electrons, the CMS crystal elec-
tromagnetic calorimeter can be calibrated to an accuracy of a fraction of a percent.
The magnetic flux is returned via a 1.5 m thick saturated iron yoke instrumented
with four stations of muon chambers [100].

2.7 muon detection

Muons provide a clean signature for a wide range of physics processes. The return
field of the solenoid is large enough to saturate 1.5 m of iron, allowing 4 muons
stations to be interleaved with the iron return yoke plates of the magnet system.
This grants the muon system a reconstruction efficiency better than 98% over the full
pseudorapidity range. Each muon station consists of several layers of aluminum drift
tubes (DT) in the barrel region and cathode strip chambers (CSCs) in the endcap
region, complemented by resistive plate chambers (RPCs). The muon detectors are
arranged in concentric cylinders around the beamline in the barrel region, and in
disks perpendicular to the beamline in the endcaps. Muon identification is ensured
by the large thickness of the absorber material (iron), which cannot be traversed
by particles other than neutrinos and muons. The DT and CSC detectors are used
to obtain a precise measurement of the position and thus the momentum of the
muons, whereas the RPC chambers are dedicated to providing fast information for
the Level-1 trigger. Muon measurements taken in the muon stations outside the
solenoid are used for fast triggering and standalone muon reconstruction, but can
also be combined with information from the inner tracking detectors for more precise
reconstruction and momentum measurement.

2.8 trigger and data acquisition system

The LHC provides a collision rate of about 100 MHz, producing an incredible amount
of data. The CMS trigger system consists of two steps. In the first step, the Level-
1 trigger (L1), dedicated hardware is used to reduce at the minimum the dead
time and to take a very quick accept/reject decision in order to cut down the data
rate to almost 100 kHz. L1 selection is based completely on calorimeter and muon
chamber information, which are the fastest available. Their signals are processed
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with hardware logical circuits and the selection is based on rapid identification of
some physical objects (muons, electrons, photons, jets, or missing energy) with the
appropriate thresholds. In case of a positive decision, data are temporarily stored
and then passed to the second stage, the software-based High-Level Trigger (HLT)
that reduces the rate further down to about 1 kHz. It relies on commercial processors,
where several dedicated software algorithms select events coming from the L1 trigger.
Considering the L1 trigger data occur at 105 Hz, and the total storage capacity is
102 Hz, a reduction factor of 103 is required. The HLT uses the response of all
subdetectors to make it possible and to get complete information of the events for
offline analysis.
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S E A RC H I N G FO R H E AV Y
C O M P O S I T E M A J O R A N A
N E U T R I N O

1 introduction

We present the search for Heavy Majorana Neutrinos that stem from a BSM model
based on a compositeness scenario. Different works have considered this possibil-
ity [77, 101–103], in particular in Ref. [104] a study of the phenomenology for the
production and decay of these hypothetical particle at the CERN LHC is presented.

Compositeness of ordinary fermions is one possible scenario beyond the SM. In
this context, quarks and leptons are assumed to have an internal substructure
that should become manifest at some sufficiently high energy scale, the compos-
iteness scale Λ. Ordinary fermions are thought to be bound states of some as–yet–
unobserved fundamental constituents generically referred to as preons. Two model–
independent properties [105–108] are relevant: the contact interaction, which com-
plements the gauge interaction, and the existence of excited states of quarks and
leptons with masses lower than or equal to Λ. The Heavy Composite Majorana Neu-
trino, N , would be a particular case of such excited states, and recently associated
to the leptogenesis mechanism for explaining the matter-antimatter asymmetry in
the Universe [70, 71].

The contact interaction represents an effective approach for describing the effects
of the unknown internal dynamics of compositeness. It is described by an effective
four-fermion Lagrangian of the type:

LC =
g2

∗
Λ2

1
2j

µjµ, (4.1)

with

jµ = ηLϕ̄LγµϕL + η′Lϕ̄∗
Lγµϕ

∗
L + η′′Lϕ̄∗

LγµϕL + h.c. + (L → R),
where g2

∗ = 4π and the η factors are usually set to unity [108]. This interaction
contributes to the total production amplitude, which is the sum of contact and
gauge interactions, as it is shown in Fig. 4.1. The gauge interaction between the SM
fermions and the excited fermions is described by a magnetic type coupling

LG =
1

2Λ
ϕ̄∗
Rσ

µν

(︄
gf

−→τ
2 ·

−→
Wµν + g′f ′Y Bµν

)︄
ϕL + h.c., (4.2)

where g and g′ are the SU(2)L and U(1)Y gauge couplings, f and f ′ are dimen-
sionless couplings, which are simply assumed to be 1 [108], and ϕ and ϕ∗ are the
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SM and excited fermion fields.
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Figure 4.1: The fermion interaction as sum of the gauge and contact contributions.

The Heavy Composite Majorana Neutrino is its own antiparticle and, as such, can
be produced and decay either as a neutrino or an antineutrino. It can be produced in
association with a lepton, in pp collisions, via quark–antiquark annihilation (qq →
ℓN). This process can occur via both gauge and contact interactions, although the
latter appears dominant for each value of Λ and mass of N , as shown in Fig. 4.2.
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Figure 4.2: Production cross section of the Heavy Composite Majorana Neutrino for gauge and contact
interaction at Λ = 5 TeV.

The Heavy Composite Majorana Neutrino can decay again through both gauge
and contact interactions (Fig. 4.3), though in this case the dominant interaction
changes depending on Λ and the mass of N , as can be seen from Fig. 4.4.

The possible decays are:

N → ℓqq, N → ℓ+ℓ−ν(ν̄), N → ν(ν̄)qq.
This implies that the possible final states are:

ℓℓqq, ℓℓℓν(ν̄), ℓν(ν̄)qq.
In this work the final state ℓℓqq will be considered, particularly the cases in which

ℓ is either an electron or a muon, giving rise to the channels eeqq and µµqq.
In Fig. 4.5 the Feynman diagram of the entire process pp → ℓN → ℓℓqq is shown.
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Figure 4.3: The Feynman diagram of the decay of a Heavy Composite Majorana Neutrino to the ℓℓqq final
state.
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Figure 4.4: Decay amplitude of the Heavy Composite Majorana Neutrino for Λ = 5 TeV (left), Λ = 15
TeV (center), and Λ = 25 TeV (right), as a function of its mass.

A previous search for Heavy Majorana Neutrino was performed at CMS with
2.3 fb−1 at

√
s=13 TeV [109] finding good agreement between the data and the

SM expectations. Consequently, a 95% confidence level (CL) upper limit, using the
CLs criteria, on the Majorana neutrino mass was placed at about 4.6 TeV for both
the electron and muon channel. Moreover, the sensitivity of this search was investi-
gated for two future collider scenarios: the High-Luminosity LHC (HL-LHC), with
a centre-of-mass energy of 14 TeV and an integrated luminosity of 3 ab−1, and the
High-Energy LHC (HE-LHC), with a centre-of-mass energy of 27 TeV and an inte-
grated luminosity of 15 ab−1. The projection studies, included in the recent Yellow
Report CERN publication, have shown the potential of such facilities in reaching
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Figure 4.5: The Feynman diagram of the process for the production and decay of a Heavy Composite
Majorana Neutrino, according to the decay chain pp → ℓN → ℓℓqq.
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much higher neutrino masses [80, 81]. Part III of this thesis will be totally devoted
to these future collider projections.

The aim of the present work is to extend the previous version of the analysis to the
full Run 2 data set, including data taken in 2016, 2017, and 2018. The samples col-
lected in different years of data-taking are analyzed separately and then combined
for the final result. Moreover, the distinctive feature of this analysis lies in the
joint phenomenological effort, which we introduced in Section 2.2. The perturbative
unitarity bounds in composite models serve, for the first time, as a collider-driven
theoretical tool for the exploration of the parameter space in this experimental re-
sults, more rigorous than the simple relation M∗ ≤ Λ. The analysis benefits from
these studies, and takes into account a re-optimization of the signal region. For a
more exhaustive comprehension of the topic, we briefly take up again the effect of
unitarity bounds in the experimental search for heavy composite neutrinos in the
following part.

1.1 unitarity bounds and optimization of the experimental
search

In an EFT scenario, a limited set of operators can lead to compelling unitarity viola-
tion issues as the energy of the process approaches the cut-off scale of the low-energy
theory, here the compositeness scale Λ. In order to avoid unphysical predictions from
a certain EFT interaction, while working with a limited number of operators, a fully
unitary prescription is necessary. In general, it is not straightforward to implement
a unitarization method in experimental analysis. However, an indication about the
applicability of the given effective operator(s) can be envisaged [45,50–52].

In Ref. [110], the authors showed that the study of partial wave unitarity can
play a significant role also for excited leptons searches at the LHC. The bounds ob-
tained in the parameter space of dimension-5 and dimension-6 effective operators in
Eqs. 4.1,4.2 link the model parameter space, (g∗,M , Λ), together with the partonic
collision energy

√
ŝ, namely the energy involved in a given process. They found that

the unitarity bound, so far overlooked, is quite compelling, and significant portions
of the parameter space (M , Λ) become excluded if one insists on working with the
leading effective operators. The unitarity bound complements the standard request
M ≤ Λ, and possibly suggests a rethinking of this original constraint on the model,
not completely justifiable if being agnostic on the UV-complete theory (as for QCD,
the emergent resonances may have masses greater than the scale). This is shown
in Fig. 4.6 where the observed limits on the heavy composite Majorana neutrino
in 2015 Run 2 are shown with unitarity bound curves corresponding to different
percentages of MC events satisfying unitarity in the

√
s = 13 TeV proton-proton

collisions. It is worth mentioning that a percentage smaller than 100% signals the
breakdown of the effective description in terms of the operators in Eqs. 4.1,4.2.
Therefore, the safe region is the one above the 100% line. The black dotted line
is even more conservative, and it stands for the collision nominal energy

√
s = 13

TeV.
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We could therefore conclude that the importance of unitarity bounds at low masses
pushes the exploration of the (M , Λ) parameters space towards higher Λ region: this
motivated the reconsideration of the signal region used in the 2015 data analysis
that we present in Sec. 4.4.
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Figure 4.6: The unitarity bounds at different percentage (violet lines) in the (M , Λ) plane compared with
the Run 2 exclusion at 95% CL from Ref. [110], dashed line (blue), for the electron final state.
The solid (violet) lines with decreasing thickness represent the fraction of MC events that
satisfy the unitarity condition in the EFT approximation.

2 data and monte carlo samples

2.1 data samples

The data used in this analysis were collected with the CMS detector during the
2016, 2017 and 2018 proton-proton runs of the LHC at 13 TeV. The data samples
have been reconstructed with the following CMS software releases: CMSSW_9_4_9
(2016), CMSSW_9_4_5_cand1 (2017) and CMSSW_10_2_5_patch1 (2018). The
framework used for the data processing runs on the CMSSW_10_2_16_UL release.
To indicate the luminosity sections of a specific data run that are considered good to
be processed,the CMS Collaboration maintains centralized "good run lists" stored as
Java Script Object Notation (JSON) files [111]. For the present analysis, the events
were preselected considering the following JSON files:

• 2016:
Cert_271036-284044_13TeV_23Sep2016ReReco_Collisions16_JSON.txt,

• 2017:
Cert_294927-306462_13TeV_EOY2017ReReco_Collisions17_JSON.txt,

• 2018:
Cert_314472-325175_13TeV_17SeptEarlyReReco2018ABC_PromptEraD_Collisions18_JSON.txt.
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The samples considered for the three years are reported in Table 4.1, while on
Table 4.2 the list of the trigger paths used for the three years are shown. The full
sample corresponds to an integrated luminosity of approximately 35.5 fb−1(2016) +
41.5 fb−1(2017) + 58.9 fb−1(2018) = 136 fb−1.

2.2 monte carlo samples

Several different Monte Carlo (MC) samples produced by the CMS Collaboration
were used in this analysis. The specific detector and LHC run conditions of each year
are taken into account in the MC simulations with different production "campaigns".
The reference campaigns considered for the heavy composite neutrino search are the
following three:

• 2016:
RunIISummer16MiniAODv3-PUMoriond17_94X_mcRun2_asymptotic_v1,

• 2017:
RunIIFall17MiniAODv2-PU2017_12Apr2018_94X_mc2017_realistic_v14-v1,

• 2018:
RunIIAutumn18MiniAOD-102X_upgrade2018_realistic_v15-v1(2,3) .

The list of samples for the signal processes, produced at the Leading Order (LO),
is reported in Table 4.3 for the benchmark compositeness scenario of Λ = 13 TeV.
The list of samples for the background processes is reported in Table 4.4. The listed
names contain information about the generator that were used for the production of
the corresponding processes. The tt̄ and inclusive DY backgrounds are calculated at
the Next-to-Next-to-Leading-Order (NNLO), the WW , WZ and ZZ backgrounds
are calculated at the Next-to-Leading-Order (NLO), whilst the cross-sections of the
NLO tW samples the LO WJets are multiplied for a k-factor that is defined as
inclusive NLO/LO. For further information see [112,113].

The MC samples are adjusted according to the following corrections:

• Normalization to the integrated luminosity of the data according to the cross-
section of the specific process, see Table 4.1,

• Lepton scale factors weights, as described in Section 4.3,

• L1 prefiring correction: in the 2016 and 2017 dataset, so-called “prefiring”
is present. Prefiring is caused by L1 trigger primitives (summary data on the
position and energy of particles) in the endcap regions of the ECAL that are
assigned to an incorrect earlier bunch crossing due to a timing problem. In
most cases, the events to which the trigger is assigned do not pass the HLT
selection and are discarded, at which point the trigger rule system prevents the
event to which the trigger originally belonged from being recorded. This effect
leads to an overall decrease of the trigger efficiency that is not detectable with
standard offline measurements. A solution has been developed by parametrizing
the probability of a jet or photon the event to cause prefiring in terms of their
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Data samples Luminosity (fb−1)
2016 dataset
/SingleElectron/Run2016B-17Jul2018_ver1-v1/MINIAOD
/SingleElectron/Run2016B-17Jul2018_ver2-v1/MINIAOD
/SingleElectron/Run2016C-17Jul2018-v1/MINIAOD
/SingleElectron/Run2016D-17Jul2018-v1/MINIAOD
/SingleElectron/Run2016E-17Jul2018-v1/MINIAOD
/SingleElectron/Run2016F-17Jul2018-v1/MINIAOD
/SingleElectron/Run2016G-17Jul2018-v1/MINIAOD
/SingleElectron/Run2016H-17Jul2018-v1/MINIAOD 35.5
/SingleMuon/Run2016B-17Jul2018_ver1-v1/MINIAOD
/SingleMuon/Run2016B-17Jul2018_ver2-v1/MINIAOD
/SingleMuon/Run2016C-17Jul2018-v1/MINIAOD
/SingleMuon/Run2016D-17Jul2018-v1/MINIAOD
/SingleMuon/Run2016E-17Jul2018-v1/MINIAOD
/SingleMuon/Run2016F-17Jul2018-v1/MINIAOD
/SingleMuon/Run2016G-17Jul2018-v1/MINIAOD
/SingleMuon/Run2016H-17Jul2018-v1/MINIAOD
2017 dataset
/SingleElectron/Run2017B-31Mar2018-v1/MINIAOD
/SingleElectron/Run2017C-31Mar2018-v1/MINIAOD
/SingleElectron/Run2017D-31Mar2018-v1/MINIAOD
/SingleElectron/Run2017E-31Mar2018-v1/MINIAOD
/SingleElectron/Run2017F-31Mar2018-v1/MINIAOD 41.5
/SingleMuon/Run2017B-31Mar2018-v1/MINIAOD
/SingleMuon/Run2017C-31Mar2018-v1/MINIAOD
/SingleMuon/Run2017D-31Mar2018-v1/MINIAOD
/SingleMuon/Run2017E-31Mar2018-v1/MINIAOD
/SingleMuon/Run2017F-31Mar2018-v1/MINIAOD
2018 dataset
/EGamma/Run2018A-17Sep2018-v2/MINIAOD
/EGamma/Run2018B-17Sep2018-v1/MINIAOD
/EGamma/Run2018C-17Sep2018-v1/MINIAOD
/EGamma/Run2018D-PromptReco-v2/MINIAOD 58.9
/SingleMuon/Run2018A-17Sep2018-v2/MINIAOD
/SingleMuon/Run2018B-17Sep2018-v1/MINIAOD
/SingleMuon/Run2018C-17Sep2018-v1/MINIAOD
/SingleMuon/Run2018D-PromptReco-v2/MINIAOD

Table 4.1: Datasets and corresponding luminosities used in the analysis.
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Year µµ ee
HLT_Mu50_v*

2016 or HLT_Ele115_CaloIdVT_GsfTrkIdT_v*
HLT_TkMu50_v*

HLT_Mu50_v* HLT_Ele35_WPTight_Gsf_v*
or or

2017 HLT_OldMu100_v* HLT_Ele115_CaloIdVT GsfTrkIdT_v*
or or

HLT_TkMu100_v* HLT_Photon200_v*
HLT_Mu50_v*

or
2018 HLT_OldMu100_v* HLT_Ele115_CaloIdVT GsfTrkIdT_v*

or
HLT_TkMu100_v*

Table 4.2: Triggers used during each year of data taking.

transverse momenta and pseudorapidity. In this analysis, per-event prefiring
weights w are calculated as:

w = 1 − P (Prefiring) =
∏︂

i=photons, jets
(1 − ϵprefi (η, pT )), (4.3)

where ϵprefi is the prefiring probability for a single photon or jet.

• Pile-up reweighting: MC distributions are reweighted according to the scal-
ing of the number of vertex distribution between data and MC in the different
years. In order to account for differences between the distributions of the num-
ber of pileup interactions in the simulations compared to the one in real data,
the recipe in Ref. [114] is applied. For the MC mixing scenario we used:

– mix_2016_25ns_Moriond17MC_PoissonOOTPU_cfi for 2016,

– mix_2017_25ns_WinterMC_PUScenarioV1_PoissonOOTPU_cfi for 2017,

– mix_2018_25ns_JuneProjectionFull18_PoissonOOTPU_cfi for 2018.

The effect of this correction is shown in Fig. 4.7, where we show the number
of vertex distribution for the MC and the data, together with the weight ratio
for the three different years.
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Signal MC samples σ (pb)
ExtendedWeakIsospinModel_ℓℓjj_L9000_M500_CalcHEP 2.6040e-01
ExtendedWeakIsospinModel_ℓℓjj_L9000_M1000_CalcHEP 1.4550e-01
ExtendedWeakIsospinModel_ℓℓjj_L9000_M2000_CalcHEP 4.7540e-03
ExtendedWeakIsospinModel_ℓℓjj_L9000_M5000_CalcHEP 2.4000e-04
ExtendedWeakIsospinModel_ℓℓjj_L9000_M6000_CalcHEP 1.4620e-05
ExtendedWeakIsospinModel_ℓℓjj_L9000_M9000_CalcHEP 3.5980e-08
ExtendedWeakIsospinModel_ℓℓjj_L11000_M500_CalcHEP 1.1330e-01
ExtendedWeakIsospinModel_ℓℓjj_L11000_M1000_CalcHEP 5.8690e-03
ExtendedWeakIsospinModel_ℓℓjj_L11000_M2000_CalcHEP 1.8900e-03
ExtendedWeakIsospinModel_ℓℓjj_L11000_M4000_CalcHEP 1.0760e-04
ExtendedWeakIsospinModel_ℓℓjj_L11000_M7000_CalcHEP 1.2520e-06
ExtendedWeakIsospinModel_ℓℓjj_L13000_M500_CalcHEP 5.709e-03
ExtendedWeakIsospinModel_ℓℓjj_L13000_M1000_CalcHEP 2.819e-03
ExtendedWeakIsospinModel_ℓℓjj_L13000_M2000_CalcHEP 8.207e-04
ExtendedWeakIsospinModel_ℓℓjj_L13000_M5000_CalcHEP 1.425e-05
ExtendedWeakIsospinModel_ℓℓjj_L13000_M8000_CalcHEP 9.127e-08
ExtendedWeakIsospinModel_ℓℓjj_L15000_M500_CalcHEP 3.1970e-03
ExtendedWeakIsospinModel_ℓℓjj_L15000_M1000_CalcHEP 1.5230e-03
ExtendedWeakIsospinModel_ℓℓjj_L15000_M2000_CalcHEP 4.1100e-04
ExtendedWeakIsospinModel_ℓℓjj_L15000_M6000_CalcHEP 1.8950e-06
ExtendedWeakIsospinModel_ℓℓjj_L17000_M500_CalcHEP 1.9310e-03
ExtendedWeakIsospinModel_ℓℓjj_L17000_M1000_CalcHEP 8.9670e-04
ExtendedWeakIsospinModel_ℓℓjj_L17000_M2000_CalcHEP 2.2790e-04
ExtendedWeakIsospinModel_ℓℓjj_L17000_M7000_CalcHEP 2.1960e-07
ExtendedWeakIsospinModel_ℓℓjj_L20000_M500_CalcHEP 1.0060e-03
ExtendedWeakIsospinModel_ℓℓjj_L20000_M1000_CalcHEP 4.5480e-04
ExtendedWeakIsospinModel_ℓℓjj_L20000_M2000_CalcHEP 1.0820e-04
ExtendedWeakIsospinModel_ℓℓjj_L20000_M8000_CalcHEP 1.4910e-08

Table 4.3: Value of the cross-sections of the simulated MC samples for the signal used in the analysis for
a compositeness scale values above the saturation of the unitarity bound (at about Λ = 7.6
TeV [110]) TeV for both the channels (ℓ = e,µ).
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Background MC samples σ (pb) k-factor
2016 dataset
TT_TuneCUETP8M2T4_13TeV-powheg-pythia8 730.6 (NNLO)
ST_tW_top_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1 38.09 (NLO) 0.935
ST_tW_antitop_5f_inclusiveDecays_13TeV-powheg-pythia8_TuneCUETP8M1 38.06 (NLO) 0.935
DYJetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 6225.42 (NNLO)
WJetsToLNu_HT-70To100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1352 (LO) 1.21
WJetsToLNu_HT-100To200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1346 (LO) 1.21
WJetsToLNu_HT-200To400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 360.1 (LO) 1.21
WJetsToLNu_HT-400To600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 48.4 (LO) 1.21
WJetsToLNu_HT-600To800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 12.07 (LO) 1.21
WJetsToLNu_HT-800To1200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 5.497 (LO) 1.21
WJetsToLNu_HT-1200To2500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 1.329 (LO) 1.21
WJetsToLNu_HT-2500ToInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 0.03209 (LO) 1.21
WJetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8 50260 (LO) 1.21
WW_TuneCUETP8M1_13TeV-pythia8 118.7 (NLO)
WZ_TuneCUETP8M1_13TeV-pythia8 47.13 (NLO)
ZZ_TuneCUETP8M1_13TeV-pythia8 16.523 (NLO)
2017 and 2018 dataset
TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8 88.29 (NNLO)
ST_tW_top_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 34.91 (NLO) 0.935
ST_tW_antitop_5f_inclusiveDecays_TuneCP5_13TeV-powheg-pythia8 34.97 (NLO) 0.935
DYJetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8 6225.42 (NNLO)
WJetsToLNu_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8 1346 (LO) 1.21
WJetsToLNu_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8 407.9 (LO) 1.21
WJetsToLNu_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8 57.48 (LO) 1.21
WJetsToLNu_HT-600To800_TuneCP5_13TeV-madgraphMLM-pythia8 12.87 (LO) 1.21
WJetsToLNu_HT-800To1200_TuneCP5_13TeV-madgraphMLM-pythia8 5.366 (LO) 1.21
WJetsToLNu_HT-1200To2500_TuneCP5_13TeV-madgraphMLM-pythia8 1.074 (LO) 1.21
WJetsToLNu_HT-2500ToInf_TuneCP5_13TeV-madgraphMLM-pythia8 0.008001 (LO) 1.21
WJetsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8 52940 (LO) 1.21
WW_TuneCP5_13TeV-pythia8 118.7 (NLO)
WZ_TuneCP5_13TeV-pythia8 47.13 (NLO)
ZZ_TuneCP5_13TeV-pythia8 16.523 (NLO)

Table 4.4: Background MC samples and their cross-sections used in the analysis at the accuracy level of
the simulated samples, and the k-factor used for some of them.
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Figure 4.7: Number of reconstructed vertex distribution for data and MC (top row) and weight factors
from the pileup reweighting procedure (bottom row). From left to right: 2016, 2017 and 2018.

3 object reconstruction and identification

The reconstruction and identification of the objects employed in the analysis are
described in the following. Dedicated groups within the CMS collaboration, the POG
(“Physics Object Group”), develop different algorithms to get the lowest possible
misidentification rate and highest efficiency for a considered reconstructed object in
the detector. Specifically, this section contains the description of the objects used in
the search, i.e. electrons, muons, and jets, and the main features of their selection
for the signal and control regions, as well as the scale factors applied.

3.1 electrons

The electrons are taken from the collection "slimmedElectrons" [115] and are iden-
tified according to the "HEEP V7.0" selection [116], which has been tailored for
high-momenta electrons like the ones we expect in our analysis. The electron candi-
dates are required to be within |η| <2.4 and with a minimum pT of 150 (100) GeV
for the leading (subleading) electron. We use the data/MC scale factors according
to the measurement reported in [117]. In the µµqq channel we use the "Veto" work-
ing point described in [118] to veto the presence of electrons with pT >20 GeV and
|η| <2.4.

3.2 muons

The muons are taken from the collection "slimmedMuons" and are identified ac-
cording to the "High-pT" working point and the "Loose" tracker isolation selection
recommended by the Muon POG [119]. The muon candidates are required to be
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within |η| <2.4 and with a minimum pT of 150 (100) GeV for the leading (sublead-
ing) muon. We use the data/MC scale factors according to the indications reported
in [120]. In the eeqq channel we rely on the "Loose" working point and Loose tracker
isolation described in [119] to veto the presence of muons with pT >20 GeV and
|η| <2.4. To correct biases in muon momentum reconstruction due to a mismodel-
ing of detector alignment and magnetic field we use the Rochester corrections [121]
for muons with pT < 200 GeV. For higher momenta muons, the increase of shower
probability in the muon system and the extremely small curvature could lead to
under-performance in momentum scale and resolution with respect to the perfor-
mance at low-pT . Therefore, muons with pT ≥ 200 GeV are corrected with the
so-called generalized-endpoint (GE) method [120], which corrects biases in the mo-
mentum scale and brings the position and width of the Z → µµ mass peak in
simulations and data into better agreement. Moreover, an extra Gaussian smearing
is applied to MC to match resolution estimated from data [120].

3.3 jets

The jets used in this analysis are reconstructed by clustering particle flow candi-
dates in the events using the anti-kT algorithm with a distance parameter R =√︂
(∆η)2 + (∆ϕ)2 = 0.8 (AK8). The AK8 jets, taken from the "slimmedJetsAK8"

collection, are identified according to the "Tight" working point recommended in
[122–124]. We further perform a cleaning against electrons and muons requesting
∆R > 0.8. Jets should also have pT >190 GeV and |η| <2.4. The jet candidates
are corrected according to the most updated jet energy corrections (JEC) reported
in [125] and jet energy resolutions (JER) reported in [126].

4 event selection and optimization

The signal mediated by a heavy Majorana neutrino requires the presence of two
same-flavor leptons and two quarks. Despite the signal being prompted by a self-
conjugate resonance, we work within a charge-blind signature hypothesis (for the
motivation of this choice see 6.12). Considering the different nature of the two
interactions in the decay of the heavy neutrino, we require one or more AK8 jets,
which guarantees high signal efficiency for events with two leptons and is suitable
for Nℓ decays through both the gauge and the contact interactions, as explained in
Sec. 4.4.1. Subsequently, selection is applied to restrict the invariant mass of the two
leptons M(ℓ, ℓ) GeV to be in a high-mass region, where the background contribution
is lower. The constraints on the parameter space given by the unitarity conditions on
the Lagrangian of the model presented in Sec. 4.1.1, we said, suggest reconsidering
the optimization of the signal region. The target is not only to reach higher Heavy
Composite Neutrino (HCN) masses but also to extend the sensitivity towards higher
values of Λ (and small neutrino masses), that region being the safest to avoid
unphysical predictions from the EFT interactions of the model. Therefore, in the
last part of this section, we will report the details of this optimization procedure.
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4.1 signal topology

In this section, we analyze the peculiar decay topology of the HCN and comment
on the reason why our selection of the number and radius of the reconstructed jets
is optimal for this particular signal.
Figure 4.8 shows the relative importance of the decay amplitudes of the two com-
peting mechanisms in the phase space of the analysis. For a portion of the HCN
parameter space, the gauge interactions rule the decay process N → ℓqq′, and the
two quarks coming from the W decay tend to overlap, producing one fat jet in the
final state. For the parameter space in which, instead, the decay mechanism is domi-
nated by contact interactions, the two quarks, and the lepton are produced without
being constrained to a particular direction in the space. This interplay is evident
in the generator level distribution of the ∆R between the two quarks in the signal
for different mass scenarios (and fixed compositeness scale) in Fig. 4.9: the sharp
peak at small ∆R represents the gauge-dominating decays, whether the peak around
the ∆R = 3 region can be thought as prompted by contact interactions in decay.
Nonetheless, requiring at least one fat jet in the event grants a high acceptance to
the quarks in the signal even for the contact interaction decays, as shown in the
study of the matching probability reported in Table 4.5.
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Figure 4.8: Contour plot of the fraction of events decaying with gauge interactions, ΓGI /(ΓGI + ΓCI ). The
gray shaded area represent the region forbidden by the model M ≤ Λ, and the dashed black
line remarks the saturation of the unitarity bound in the production mechanism (Section 2.2).

M(N) [GeV] # FatJet # events matched q1 matched q2 matched q1 and q2 matched none

500 1 38114 16 % 1% 75% 8 %
≥ 2 3366 8 % 2% 22% 68%

5000 1 52120 70 % 7 % 21% 2%
≥ 2 3908 7 % 68 % 0% 25%

Table 4.5: Number of AK8 jets in the signal samples and percentages of matched signal quarks for two
different mass points: 500 GeV (gauge dominated) and 5000 GeV (contact dominated) (and
same Λ = 13 TeV).



52 searching for heavy composite majorana neutrino

Figure 4.9: The ∆R distribution between the two quarks for different mass hypotheses of the signal with
Λ = 13 TeV (plot obtained with MadAnalysis). The gauge and contact contributions can be
easily distinguished.

Figure 4.10: The distributions for the number of AK8 jets in the event for the background stacked (right),
and the signal samples (left) with different masses and Λ = 13 TeV, normalized to one.

4.2 the signal region optimization

Here we comment on the choice of the cuts of the finale-state objects. We report
in Figure 4.11 the shapes of the main kinematical variables of events firing the
triggers chosen for the signal samples with masses 500 GeV and 1 TeV (and compos-
iteness scale 13 TeV), together with the MC predictions of the backgrounds. The
optimization process can be summarized as the result of two main requirements:

• Choosing the pT threshold for the leptons selection looking at the plateau
in the trigger efficiency. As reported in Fig. 4.12 and Fig. 4.13, the expected
overall trigger efficiency for the di-lepton events in both channels, considering
a signal sample of Heavy Composite Majorana Neutrino with Λ = 13 TeV
and the background processes, is between 90 and 100 % for pT (ℓ) > 100 GeV.
We only take a single Λ point as a reference since the overall efficiency of



4 event selection and optimization 53

the heavy composite neutrino sample does not depend on the compositeness
scale, as already demonstrated in the previous version of this analysis (and in
the HL/HE-LHC projection studies [80]). The same approximation holds for
the statistical analysis in Section 4.8, where we compute upper limits on the
cross-section of the reference Λ signal samples as a function of the HCN mass.

• Optimization of the figure of merit
√︂
(2((S +B)ln(1 + S/B) − S)) for smaller

mass samples in the region favored by the unitarity constraint. Results are
shown in Tab. 4.6 and 4.7 for a few benchmark points (taking 2018 as reference
year).
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Figure 4.11: Kinematical variables of the main reconstructed objetcts in the analysis for the muonic channel
at the preselection level for the simulated backgrounds, and for two signal hypotheses with
masses 0.5 and 1 TeV (and same Λ=13 TeV). The histograms are normalized to unitary area,
and MC samples are chosen from 2018 production.
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Request
√︁
(S + B) =

√︁
(2((S + B)ln(1 + S/B) − S))

L13 M500 L13 M1000 L13 M2000 L13 M5000 L13 M8000
lead lepton pT > 150 GeV 0.55 0.40 0.13 0.0022 0.000014

sublead lepton pT > 100 GeV 0.91 0.73 0.24 0.0042 0.000026
mll > 300 GeV 3.54 2.94 0.98 0.0177 0.000111

fat jet pT > 190 GeV 3.54 2.94 0.98 0.0177 0.000111

Table 4.6: Figure of merit S/
√︁

(S +B) for various signal reference points for the muon channel.

Request
√︁
(S + B) =

√︁
(2((S + B)ln(1 + S/B) − S))

L13 M500 L13 M1000 L13 M2000 L13 M5000 L13 M8000
lead lepton pT > 150 GeV 0.53 0.39 0.12 0.0021 0.000013

sublead lepton pT > 100 GeV 0.85 0.68 0.22 0.0038 0.000024
mll > 300 GeV 3.49 2.90 0.95 0.0160 0.000106

fat jet pT > 190 GeV 3.49 2.90 0.95 0.0169 0.000106

Table 4.7: Figure of merit S/
√︁

(S +B) for various signal reference points for the electron channel.
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Figure 4.12: The trigger efficiency for the electron channel for the leading (left) and the sub-leading lepton
(right) reported for all the backgrounds and a two points of the signal MC samples of Heavy
Composite Majorana Neutrino with mass of 0.5 and 8 TeV.
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Figure 4.13: The trigger efficiency for the muon channel for the leading (left) and the sub-leading lepton
(right) reported for all the backgrounds and a two points of the signal MC samples of Heavy
Composite Majorana Neutrino with mass of 0.5 and 8 TeV.
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The final selections of the signal region for the eeqq and µµqq channels are summa-
rized in Table 4.8. The effect of the selection cuts on the reference signal samples is
shown in Fig. 4.14 with the cumulative efficiency for both channels. The distribution
used in the statistical analysis is the invariant mass of the leptons and the leading
fat jet, M(ℓℓJ). Besides providing a good discrimination between the signal and the
SM background contributions (Fig. 4.15), this variable is strongly correlated with
the mass of the HCN, especially when the signal quarks are matched in the leading
AK8 jet [104]. If we write the invariant mass of the final state particles ℓℓqq as a
convolution of parton density functions:

dσ
dM2

ℓℓjj
=
∑︁
ab
∫︁ 1
M2

tjj

dx
x fa

(︂
x, q2

)︂
fb

(︃
M2

ℓℓjj

sx , q2
)︃

×
∫︁M2

ℓℓj
0

dQ2

π

√
Q2σ̂qaqb→ℓN∗(Mℓℓjj ,Q)ΓN∗→ℓjj(Q)

(Q2−M2
N)

2
+(MN Γtot(Q))2 ,

(4.4)

where q is the QCD factorization scale and Q is the virtual momentum of the reso-
nantly produced heavy neutrino N, we can distinguish two factors. One such factor,
the first on the right-hand side of Eq. 4.4, is a (dimensionless) parton distribution
luminosity factor that vanishes at very large invariant masses M(ℓℓqq) ∼

√
s, while

the second factor in the right hand side of Eq. 4.4, is an integral over the virtu-
ality of the produced neutrino, Q, and vanishes for small values of the invariant
mass or M(ℓℓqq) ≪ M(N). Therefore, in general, we expect an invariant mass
distribution characterized by a peak for M(ℓℓqq) ≥ M(N). Such a picture is of
course not altered by the relative importance that contact and gauge interactions
may have in the decay process. Figure 4.15 presents this invariant mass distribu-
tion for two HCN masses, and the expected SM backgrounds from MC simulations.
The expected dominant background sources are given by the DY and the "TTtW"
processes, the latter containing both the tt̄ and tW . The other backgrounds from
multiboson processes (WJets, WW , WZ, ZZ), are expected to contribute less and
will be referred to altogether as "Other".
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Event Selection eeJ µµJ

lepton 1 pT (e1) > 150 GeV and |η| < 2.4 pT (µ1) > 150 GeV, and |η| < 2.4
lepton 2 pT (e2) > 100 GeV and |η| < 2.4 pT (µ2) > 100 GeV and |η| < 2.4
M(l1,l2) M (e1, e2) > 300 GeV M (µ1, µ2) > 300 GeV

Veto extra lepton pT > 20 GeV and |η| < 2.4 pT > 20 GeV and |η| < 2.4
N(jetAK8)>0 pT > 190 GeV and |η| < 2.4 pT > 190 GeV and |η| < 2.4

Table 4.8: Summary of signal event selection requirements
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Figure 4.14: The cumulative efficiency in the signal region for the electron channel and the muon channel,
as a function of the HCN mass, for the benchmark compositeness scale value Λ = 13 TeV.
The result is consistent for the three years.
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Figure 4.15: Distribution of the variable M(ℓ, ℓ, J) of backgrounds (stack plots) as estimated in Sec. 4.5
and signal expected from simulation (lines) in the signal region, having considered the signal
parameters Λ = 13 TeV and M(N) = 500 GeV and M(N) = 1000 GeV, for the eeqq (left)
and the µµqq (right) channels. The three years are reported separately, normalized to the
corresponding luminosity, and applying the correction described in Sec. 4.3: 2016 on the top,
2017 on the middle, and 2018 on the bottom.
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5 background estimation

In this section, we describe the methods used for the estimate of the most relevant
standard model backgrounds (Drell-Yan, tt̄, and QCD) for the search. For the DY
and tt̄, we define two enriched regions, whose definition is illustrated in Fig. 5.13.

Figure 4.16: Pictorial representation of the phase space of the HCN search, for the signal and control
regions.

All the remaining minor background sources, called "Other", are directly taken
from MC simulations.

5.1 estimation of DY background

The most significant background is due to the irreducible DY process, and is esti-
mated with a semi data-driven technique, the so-called "α–ratio method" [94]. The
same method is applied for the three years and to both electron and muon final
states. Before discussing the extrapolation of the DY to the signal region, we com-
ment on the k-factors applied on the DY MC sample used. For the signal and control
regions, a large statistical power, as well as precise predictions are necessary, espe-
cially in the high-mass region that we select. Therefore, the LO simulation samples
for the DY backgrounds are reweighted using higher-order corrections separately
corresponding to NLO QCD and NLO EW terms. The theory-based corrections of
the DY MC samples are usually parameterized as a function of the generator-level
pT of the respective Z boson. The correction factors for the NLO EW are obtained
from Ref. [127]. Scale factors corresponding to NLO QCD corrections to the Z pro-
duction are obtained from central CMS samples produced in the “Fall17” campaign,
in which large LO and NLO samples are available. Both samples are generated
using MadGraph5_amc@NLO. The LO samples are identical to the ones used in
the analysis and are generated with up to four partons in the matrix element. The
NLO samples are generated with up to two additional partons in the matrix element
calculation at NLO accuracy, and the third parton at LO accuracy. Further jet mul-
tiplicities are handled by the parton shower, which in both cases is performed using
Pythia8 with tune CP5. The scale factors are derived by obtaining the generator-
level boson pT distribution in both samples, normalizing the distributions to their
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respective cross-sections, and then dividing them as SF = NLO / LO. The SFs are
shown in Fig.4.17 for both QCD NLO (left) and EW NLO (right). Figures 4.18, 4.19
and 4.20, 4.21 show the effect of these corrections to the data-MC ratios, for the
phase space of the present analysis for both the channels. We compare the DY LO
samples corrected with EW and QCD NLO SF, to the DY NLO samples available
for 2016 and 2017 (the 2018 is not included here for the low statistics) in Figs. 4.22
and 4.23.

Figure 4.17: Left: QCD NLO correction functional form as a function of the Z boson generator level
momentum. Right: EW NLO scale factors for DY, W and photon production as a function
of the generator level momentum pT ,V . The derivation of these scale factors is documented
in Ref. [128] for the same MC samples adopted in this analysis.
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Figure 4.18: From left to right: distributions for Data and MC of the pT (ee) variable in the Z peak, with
60 < M(ℓℓ) < 120 GeV, for 2016 (left), 2017 (center) and 2018 (right) data taking. On the
first line, we show the MC distribution without LO to NLO corrections. On the second line,
the same distributions, with the EW and QCD NLO weights applied.
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Figure 4.19: From left to right: distributions for Data and MC of the pT (µµ) variable in the Z peak, with
60 < M(ℓℓ) < 120 GeV, for 2016 (left), 2017 (center) and 2018 (right) data taking. On the
first line, we show the MC distribution without LO to NLO corrections. On the second line,
the same distributions, with the EW and QCD NLO weights applied.
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Figure 4.20: From left to right: distributions for Data and MC of the M(eeJ) variable in the Z peak, with
60 < M(ℓℓ) < 120 GeV, for 2016 (left), 2017 (center) and 2018 (right) data taking. On the
first line, we show the MC distribution without LO to NLO corrections. On the second line,
the same distributions, with the EW and QCD NLO weights applied.
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Figure 4.21: From left to right: distributions for Data and MC of the M(µµJ) variable in the Z peak, with
60 < M(ℓℓ) < 120 GeV, for 2016 (left), 2017 (center) and 2018 (right) data taking. On the
first line, we show the MC distribution without LO to NLO corrections. On the second line,
the same distributions, with the EW and QCD NLO weights applied.
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Figure 4.22: Comparison between DY NLO samples (/DYJetsToLL_M-
50_TuneCUETP8M1_13TeV-amcatnloFXFX-pythia8/RunIISummer16MiniAODv3-
PUMoriond17_94X_mcRun2_asymptotic_v3_ext2-v1/MINIAODSIM) and the DY
LO samples used in this analysis for the MC 2016 samples for electron (first line) and muon
channel (second line). On the left, distribution for M(ℓℓJ) in the DY control region (with
150 < M(ℓℓ) < 300 GeV). On the center, distribution for M(ℓℓJ) around the Z peak (with
60 < M(ℓℓ) < 120 GeV). On the right, for the signal region.
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Figure 4.23: Comparison between DY NLO samples (/DYJetsToLL_M-
50_ TuneCP5_13TeV-amcatnloFXFX-pythia8/RunIIFall17MiniAODv2-
PU2017_12Apr2018_94X_mc2017_realistic_v14-v1/MINIAODSIM) and the DY LO
samples used in this analysis for the MC 2017 samples for electron (first line) and muon
channel (second line). On the left, distribution for M(ℓℓJ) in the DY control region (with
150 < M(ℓℓ) < 300 GeV). On the center, distribution for M(ℓℓJ) around the Z peak (with
60 < M(ℓℓ) < 120 GeV). On the right, for the signal region.

5.1.1 The extraction of the alpha-ratio from the Z region

The DY contribution to the signal region (NSR
DY ) is estimated by normalizing the

MC simulation (NSR
MC) to the data, in a region defined with the same cuts used for

the signal region, but around the Z peak, i.e. 60 < Mℓℓ < 120 GeV.
A scale factor (SFDY ) is measured in this region as the ratio of the events given by
(data-nonDY)/DY, where "nonDY" and DY indicate the "Other" plus "TTtW" and
the DY expectations taken from MC simulation, respectively. The formula used to
evaluate this background is thus:

NSR
DY = NSR

MC × SFDY

Fig. 4.24 shows the results of the comparison Data/MC for the variable M(ℓℓ)
for the three years. However, since this analysis employs the variable M(ℓℓJ) as a
discriminant, we will extract the alpha-ratio from the distributions in M(ℓℓJ),(and
60 < Mℓℓ < 120 GeV). The alpha ratio will be extracted from the plots shown in
the bottom row of Figs. 4.20 and 4.21 (considering the DY samples with the LO
to NLO EWK and QCD corrections). The alpha ratio extracted is then binned in
M(ℓℓJ) (instead of being a single number), see Table.4.9.

5.1.2 Definition of the CR for DY background estimate and systematics

This analysis will probe a kinematic region much higher than the one used to ex-
tract the alpha-ratio. In order to better understand any residual dependence on the
kinematics of the event, we compare the data distribution both in M(ℓℓ) and the
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year channel α-ratio ± (stat.)
2016 ee {-,-,1.00 ± 0.08, 1.03 ± 0.04, 1.00 ± 0.04, 1.03 ± 0.05, 1.07 ± 0.11, 1.09 ± 0.21, - }

µµ {-,-,1.01 ± 0.08, 0.99 ± 0.04, 1.01 ± 0.04, 1.06 ± 0.04, 1.02 ± 0.08, 1.00 ± 0.16, 0.86 ± 1.10 }
2017 ee {-,-,0.94 ± 0.08, 0.76 ± 0.03, 0.77 ± 0.03, 0.75 ± 0.04, 0.82 ± 0.09, 1.43 ± 0.43, - }

µµ {-,-,0.74 ± 0.06, 0.79 ± 0.03, 0.79 ± 0.03, 0.76 ± 0.03, 0.91 ± 0.08, 1.26 ± 0.28, - }
2018 ee {-,-,0.77 ± 0.06, 0.76 ± 0.03, 0.78 ± 0.03, 0.71 ± 0.03, 0.93 ± 0.10, 0.82 ± 0.20, - }

µµ {-,-,0.91 ± 0.07, 0.77 ± 0.02, 0.77 ± 0.02, 0.77 ± 0.03, 0.71 ± 0.05, 0.84 ± 0.14, 0.54 ± 0.66 }

Table 4.9: Summary of the results for the α-ratio method for the three years and two channels. M(ℓℓJ)
variable bin per bin scale factors are reported with their statistical uncertainty.
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Figure 4.24: Data/MC comparison of M(ℓℓ) in the Z peak region, 60 < M(ℓℓ) < 120 GeV, for the eeqq(top)
and µµqq (bottom) channel for the years 2016 (left), 2017 (middle), 2018 (right). Events are
selected with signal region requirements, except for M(ℓℓ). DY MC distributions are corrected
using the NLO QCD and EW k-factors defined in Fig. 4.17 .

discriminant variable M(ℓℓJ) to the expected background in a region above the Z
mass, with 150 < M(ℓℓ) < 300 GeV, but still below our signal region, which will
be our new Control Region for DY background estimate. In Figs. 4.25 we show the
M(ℓℓ) distribution for Data/MC in the region 150 < M(ℓℓ) < 300 GeV for the
electron and muon channel. We find that the data/MC comparison remains rather
constant in the full range for this variable. In Fig. 4.26 we show the M(ℓℓJ) compar-
ison for data and MC(without alpha-ratio) in the region with 150 < M(ℓℓ) < 300
GeV. We do see a dependence of the ratio data/MC for the M(ℓℓJ) variable.

In Fig. 4.27 we show the Data/MC distribution in (MℓℓJ) variable in the region
150 < M(ℓℓ) < 300 GeV with the MC corrected with the binned alpha-ratio. As
expected the alpha-ratio does not fully correct the dependence as the statistic from
the Z peak into this kinematical region runs out quickly. The solution proposed, as
suggested also by the sub-conveners, is then to use the plot of the DY MC in M(ℓℓJ)
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from events with 150 < M(ℓℓ) < 300 GeV, corrected for the alpha-ration binned in
M(ℓℓJ), as an input to the combine fit as a DY Control Region. The uncertainties
will be taken care as systematics in the final evaluation by the combine fit.
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Figure 4.25: Data to MC comparison in the control region for 150 < Mℓℓ < 300 GeV for the eeqq (top
line) and µµqq channel (bottom lines) shown for 2016 (left), 2017 (middle), 2018 (right).
The data/MC ratio points are fitted with a line with a slope. The DY MC distributions are
corrected by the NLO k-factor presented above. No Alpha-ratio applied here
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Figure 4.26: Data to MC comparison of M(ℓℓJ) in the control region for 150 < Mℓℓ < 300 GeV for the eeqq
(top line) and µµqq channel (bottom lines) shown for 2016 (left), 2017 (middle), 2018 (right).
The data/MC ratio points are fitted with a line with a slope. The DY MC distributions are
corrected using the NLO k-factor presented above. No Correction with alpha-ratio.
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Figure 4.27: Data to MC comparison of M(ℓℓJ) in the Control Region for 150 < Mee < 300 GeV for the
eeqq (top line) and µµqq channel (bottom lines) shown for 2016 (left), 2017 (middle), 2018
(right). The MC DY distribution is corrected with the alpha-ratio factor extracted above.
This is the plot used for the final fit of the DY background estimate.
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5.2 estimation of the tt̄ and tW backgrounds

The second most important background is due to leptons from tt̄ and single-top
production and is estimated directly from MC simulation. All these processes are
flavor-symmetric and have a branching ratio to a pair of leptons of different flavor,
eµ, twice as large as the branching ratio to ee. This means the eµ mass spectrum
provides an excellent probe to validate the Monte Carlo predictions for these back-
grounds. The control region to check the data-MC agreement has been defined start-
ing from the request of one muon and one electron. The leading lepton is required to
have pT > 55 GeV, while for the subleading pT > 35 GeV is requested. Furthermore
a veto is applied on events for which an electron and a muon with pT > 5 GeV are
found to be in a cone of ∆R < 0.1, with ∆R =

√︂
∆η2 + ∆ϕ2. Fig. 4.28 shows the

invariant mass spectrum of eµ events in data and MC spectrum for the 2016, 2017
and 2018 datasets. After having checked that the simulations describe the sample
of eµ events well, the contribution of these backgrounds is estimated using the MC
simulated sample with its cross section, adopting the full set of cuts of the signal
region, only changing the flavor of the leptons (as represented in Fig.5.13).

5.2 Estimation of the tt̄ and tW backgrounds

The second most important background is due to leptons from tt̄ and single-top production and
is estimated directly from MC simulation. All these processes are flavour-symmetric and have a
branching ratio to a pair of leptons of di↵erent flavour, eµ, twice as large as the branching ratio
to ee. This means the eµ mass spectrum provides an excellent probe to validate the Monte Carlo
predictions for these backgrounds. The control region to check the data-MC agreement has been
defined starting from the request of one muon and one electron. The leading lepton is required
to have pT > 55 GeV, while for the subleading pT > 35 GeV is requested. Furthermore a veto
is applied on events for which an electron and a muon with pT > 5 GeV are found to be in a
cone of �R < 0.1, with �R =

p
�⌘2 + ��2. Fig. 22 shows the invariant mass spectrum of eµ

events in data and MC spectrum for the 2016, 2017 and 2018 datasets. After having checked that
the simulations describe the sample of eµ events well, the contribution of these backgrounds is
estimated using the MC simulated sample with its cross section, adopting the full set of cuts of the
signal region, only changing the flavor of the leptons (as represented in Fig.16).
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Figure 22: Comparison of data and MC estimate for tt̄ + tW in the top enriched control region.
From top left tears: 2016, 2017, 2018

31

Figure 4.28: Comparison of data and MC estimate for tt̄+ tW in the top enriched control region. From
left, years: 2016, 2017, 2018.

Moreover, we have verified that there is no significant dependence from the mis-
modeling of the top pT in the Data and MC comparison in the control region for
different kinematical variables that could be more sensitive to this effect with respect
to the di-lepton mass (Figure 4.29).

5.3 estimation of QCD multijet background

We evaluate the QCD multijet background from poorly identified, non-isolated
lepton candidates selected from data and weighted by a correction factor which
allows the final contribution to be extrapolated into the signal region. We rely on
the method developed by the Z ′ → ℓℓ groups [129] [130] and their scale factors that
cover a similar pT range as this analysis. The used formula is

QCDSR = QCDCR ×W i
SR/CR ×W j

SR/CR
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Figure 4.29: Distributions for the HT and M(eµJ) in the top control region: no significant dependence
from the mis-modeling of the top pT comparing Data and MC is shown.

where QCDSR is the multijet contribution estimated in the signal region; QCDCR

is taken from the data, applying the signal region selection on leptons selected with
a looser selection (fake-rate preselection) defined in Tab.4.10 and Tab.4.12. WSR/CR
is a weight used to correct QCDCR in order to estimate QCDSR, and i, j refer to
the two lepton candidates. In particular WSR/CR is defined as FR/(1 −FR), where
FR is the pT , η dependent fake-rate measured by the Z ′ → ℓℓ groups.

5.3.1 Estimation in the eeqq channel

In the eeqq channel the fake-rate preselection is defined as in Table 4.10, while the
pT,η dependent FR factor in Table 4.11.

variable barrel endcap
σiηiη < 0.013 < 0.034
H/E < 0.15 < 0.10

nr. missing hits ≤ 1 ≤ 1
|dxy| < 0.02 < 0.05

Table 4.10: Fake rate preselection in the eeqq channel [129].

We estimate QCDSR to be equal to 0.14 ± 0.02 events, corresponding to less than
1% of the total expected background and thus we decide not to include it in the
final distribution of M(e, e, J).
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region ET range (GeV) functional form

barrel
35.0 ≤ ET < 131.6 GeV 0.106 − 0.0025 × ET + 2.26e−05 × E2

T − 7.11e−08 × E3
T

131.6 ≤ ET < 359.3 GeV 0.0139 − 0.000104 × ET + 3.6e−07 × E2
T − 4.13e−10 × E3

T

ET ≥ 359.3 GeV 0.00264 + 3.38e−06 × ET

barrel
35.0 ≤ ET < 131.5 GeV 0.106 − 0.00252 × ET + 2.28 × 10−5 × E2

T − 7.21 × 10−8 × E3
T

131.5 ≤ ET < 355.0 GeV 0.0138 − 0.000103 × ET + 3.62 × 10−7 × E2
T − 4.25 × 10−10 × E3

T

ET ≥ 355.0 GeV 0.00279 + 2.43 × 10−6 × ET

endcap |η| < 2.0
35.0 ≤ ET < 122.0 GeV 0.117 − 0.0013 × ET + 4.67 × 10−6 × E2

T

122.0 ≤ ET < 226.3 GeV 0.0345 − 4.76 × 10−5 × ET

ET ≥ 226.3 GeV 0.0258 − 9.09 × 10−6 × ET

endcap |η| > 2.0
35.0 ≤ ET < 112.5 GeV 0.0809 − 0.000343 × ET

ET ≥ 112.5 GeV 0.0423

Table 4.11: Functional form of the fake-rate FR used for electrons in the QCD multijet estimation [129].

5.3.2 Estimation in the µµqq channel

In the µµqq channel the fake-rate preselection is defined in Table 4.12, while the
pT,η dependent FR factor in Table 4.13. The coefficients ai, bi, ci, and di are derived
from a fit procedure detailed in Ref. 4.12.

variable cut value
is GlobalMu and is TrackerMu true

|dz| < 1.0
|dxy| < 0.2

Nb. of Tracker Layers with Measurement > 5
Nb. of Valid Pixel Hits > 0

Matching with HLT object (Mu50 || TkMu50) true

Table 4.12: Fake rate preselection in the µµqq channel [130].

Eta region pT range (GeV) functional form
Barrel 53 < pT ≤ 200 a1 + b1 × pT + c1 × p2

T

Barrel 200 < pT ≤ 800 a2 + b2/[c2 + pT ]

Barrel pT > 800 d1

Endcap 53 < pT ≤ 250 a3 + b3 × pT + c3 × p2
T

Endcap pT > 250 d2

Table 4.13: Functional form of the fake-rate FR, defined in the text, used for muons in the QCD multijet
estimation [130].

We estimate QCDSR to be equal to ≃ 0.055 ± 0.003. As it is lower than the other
backgrounds, we decided to neglect it.
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6 systematic uncertainties

Systematic effects on the background estimations and the simulated MC signals
have to be considered before dealing with the interpretation of the results.

For the uncertainty on the luminosity we consider a value of: 2.5% for 2016 [131],
2.3% for 2017 [132], and 2.5% for 2018 [133] on the normalization of both back-
grounds and MC signals.

For the shape uncertainties related to the corrections applied on the MC samples,
and listed in Section 4.2.2, we proceed as follows:

1. We take the central value of our measurement given by the distributionM(ℓ, ℓ, J),
which contains the backgrounds estimated according to the methods described
in Section 4.5.

2. For every systematic effect we repeat the whole analysis twice, considering the
deviations up and down related to systematics, and producing two distributions
accordingly: M(ℓ, ℓ, J)Up and M(ℓ, ℓ, J)Down.

3. We supply these two additional histograms for each systematic uncertainty to
the "combine" tool [134] for the statistical analysis, as described in the next
section.

This approach is used for the following systematic uncertainties:

• Pileup: pileup weights are re-calculated by varying the value 69000 µb of min-
BiasXsec of ±5% .

• Lepton Scale Factors: discrepancies in the lepton reconstruction, identifi-
cation, and isolation efficiencies between data, simulation and trigger are cor-
rected by applying a scale factor to all the simulated samples. The scale factors,
which depend on the pT and η, are varied by ±σ and the change in the yield in
the signal region is taken as the systematic. Scale factors are taken from [135]
for electrons and [120] for muons.

• Lepton momentum scale and resolution: the lepton momentum scale un-
certainty is computed by varying the momentum of the leptons by their uncer-
tainties. For muons with pT < 200 GeV the systematic has been evaluated by
applying/not applying the Rochester corrections [121]. For muons with pT >
200GeV,the generalized–endpoint (GE) method [120] was applied, and the un-
certainties on the muon curvature bias are taken from a Gaussian distribution.
Moreover, the systematic uncertainty associated to the smearing applied to cor-
rect high-momentum muon resolution has been considered, as recommended
in [120]. For electrons, we used the MiniAOD V2 energy corrections [136], and
corresponding uncertainties.

• Jet energy scale and resolution: in order to have the resolution in the
simulation match that in the data the momentum of the jets is smeared as:

pT → max[0, pgenT + c±1σ · (pT = pgenT )] (4.5)
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in which c±1σ are the data/MC scale factors shifted by ±σ according to the
prescriptions in [125,126]

• Background Systematics: the uncertainty on the "α-rato" method is derived
in Section 4.5.1.

Moreover, we include an estimation of the systematics for the PDF uncertainty
of the signal sample generation. Being a new massive particle in the TeV scale, the
Parton Density Functions (PDFs) are employed in regions where available experi-
mental constraints are limited, notably close to the hadronic threshold where x → 1.
For the HCN sample generation, the NNPDF3.0 [137] set was used. To assess the
impact of these systematic uncertainties on the signal, we have applied the standard
"PDF4LHC" recommendation [138], using MC replicas with up and down variations
of the PDFs. The effect of these uncertainties has been evaluated on the acceptance
of our signal selection, and a "LogNormal" uncertainty from 12% to 48% was de-
rived, depending on the HCMN mass. Figure 4.30 shows the PDF errors for both
the channels and for the HCN masses explored in this analysis. The uncertainty is
considered fully correlated across the years.

 0

 0.2

 0.4

 0.6

 0.8

 1

 1  2  3  4  5  6  7  8

E
ffi

ci
en

cy

MN (TeV)

eejj
 0

 0.2

 0.4

 0.6

 0.8

 1

 1  2  3  4  5  6  7  8

E
ffi

ci
en

cy

MN (TeV)

mumujj

Figure 4.30: The effects of the PDF uncertainties on the cumulative efficiency in the signal region for the
electron channel (left) and the muon channel (right) for the benchmark compositeness scale
value Λ = 13 TeV. The result is presented for the 2018 samples, but is consistent for the three
years.

Source Bkgd./Signal process Type ee bkgd. ee signal µµ bkgd. µµ signal
(%) (%) (%) (%)

Integrated luminosity All bkgd./Signal LogN 2.3–2.5 2.3–2.5 2.3–2.5 2.3–2.5
Jet energy resolution All bkgd./Signal Shape 0.5–1.4 0–0.9 0.2–1.2 0–0.7
Jet energy scale All bkgd./Signal Shape 1.9–4.2 0–0.4 2.1–3.4 0–0.1
Muon SF (trigger, reco., ID) All bkgd./Signal Shape - - 0.4–1.0 5.8–36.8
Muon momentum scale/resolution All bkgd./Signal Shape - - 10-20 0.1–0.2
Electron (trigger, reco., ID) All bkgd./Signal Shape 1.0–1.6 0.8–1.4 - -
Electron energy scale/resolution All bkgd./Signal Shape 0.5–10 - -
Pileup modeling All bkgd./Signal Shape 2–18 0.1–1.1 2–18 0.1–1.9
DY bkgs estimation (α-ratio stat. unc.) DY Shape 10 - 10 -
PDF error Signal LogN - 15 - 15

Table 4.14: Summary of the relative systematic uncertainties in signal region (effect estimated on the
M(ℓℓJ) variable for the last three bins). The numbers for signal is obtained for M(Nℓ) = 1
TeV and for the two most relevant background sources.
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7 unblinding of the results

In this section, we unblind the selected LHC Run 2 data in the signal region. In
Figures 4.31, 4.32, we show the post-fit distribution of the variable M(ℓ, ℓ, J) for
the estimated SM backgrounds, and a benchmark signal point (with parameters
Λ = 13 TeV and M(N) = 1000 GeV) for both the electron and muon channel for
the full Run 2 and three years considered separately. The distributions are obtained
with a simultaneous fit of the signal region with the DY and top control regions,
as explained in the next following sections. In Table 4.15 we present the estimated
background yields and the total number of observed events for each channel. The
uncertainties on the estimated background events are obtained post-fit and are the
sum of the statistical and systematic uncertainties.

The observations are in decent agreement with the SM predictions and will be
examined further as part of the future development of this data analysis. In case
no evidence of new physics is found in all the mass spectrum, upper limits can
be measured on the production cross-section of the heavy Majorna neutrino in the
di-lepton di-jets final state.
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Figure 4.31: Post-fit distributions of the variable M(ℓ, ℓ, J) of the data, the backgrounds (stack plots) as
estimated in Sec. 4.5 and signal expected from simulation (lines) in the signal region, having
considered the signal parameters Λ = 13 TeV and M(N) = 1000 GeV, for the eeqq (top) and
the µµqq (bottom) channels. The three years of Run 2 data taking are combined.

Year Channel DY TTtW Others Total background Data

2016 eejj 39± 6.8 20.2±1.4 5.5±0.44 64.3 ± 6.9 70
µµjj 50.5± 5.5 30.3±1.0 5.30±0.22 86.1 ± 5.6 86

2017 eejj 50 ± 10 17.9±1.4 7.08±0.93 75 ± 10 84
µµjj 57.4± 6.1 43.1±1.4 4.98±0.18 105.5 ± 6.2 117

2018 eejj 83± 13 33.5±1.7 8.7±1.1 125 ± 13 134
µµjj 70.4± 9.1 59.7±1.8 8.89±0.46 139.0 ± 9.3 144

Combined eejj 172± 18 71.6±2.6 21.3±1.5 265 ± 18 288
µµjj 178± 12 133.2 ±2.5 19.18±0.54 331 ± 12 347

Table 4.15: Summary table of expected (and observed) events in the signal region for the last three bins
in M(ℓℓJ).
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Figure 4.32: Post-fit distributions of the variable M(ℓ, ℓ, J) of the data, the backgrounds (stack plots) as
estimated in Sec. 4.5 and signal expected from simulation (lines) in the signal region, having
considered the signal parameters Λ = 13 TeV and M(N) = 1000 GeV, for the eeqq (left)
and the µµqq (right) channels. The three years are reported separately, normalized to the
corresponding luminosity, and applying the correction described in Sec. 4.3: 2016 on the top,
2017 on the middle, and 2018 on the bottom.
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8 statistical interpretation of the results

In this section we give a statistical interpretation of the expected results from our
MC predictions, setting upper limits on the existence of a composite Majorana
neutrino.

The CLs technique [139, 140] is used to extract the upper limits on the product
of the cross section and branching fraction of the signal process. This provides a
quantitative assessment about the incompatibility of the signal − plus background
model and the only-background hypotheses, provided no excess of data relative to
background-only expectation is observed.

The probability P to observe k events under a model that predicts λ events is
computed by means of the Poisson statistic as:

P (k | λ) = λke−λ

k!

In this analysis λ is the sum of expected background yields. since not only event
yields are considered but also the shape of the invariant mass distribution (or any
quantity), P must be promoted to the Poisson likelihood,where S and B are the
signal and background estimates respectively. The Poisson likelihood thus reads:

L(k | µ, θ) =
Nbins∏︂
i=1

[µS(θ)i +B(θ)i]
ki e[µS(θ)i+B(θ)i]

ki!
.

A test statistic, tµ, is defined as the ratio of likelihoods so that θ̂ and µ̂ maximize
the numerator and the denominator, respectively

tµ = −2 ln
⎡⎣L

(︂
s | µ, θ̂µ

)︂
L(s | µ̂, θ̂)

⎤⎦
where the numerator represents the best agreement to the observed data for a fixed-
size signal, while the denominator is the configuration of signal plus-background
models that best fits the observed data. An array of tµ is produced by generating a
large number of pseudo-experiments, in which tµ are determined by considering the
pseudo-data as k. Pseudo-experiments are randomly drawn from a pool based on
the average expectations derived from the analysis, which are then shifted up and
down as a function of the uncertainties. The resulting distribution is compared to
the observed value, tobs, which is calculated from the observed data. The CLs is the
ratio of p -values for the signal-plus-background (ps+b) and the background-only
(pb) hypothesis,

CLs =
ps+b
pb

where
ps+b =P

[︂
tµ > tobsµ | µS

(︂
θ̂obsµ

)︂
+B

(︂
θ̂obsµ

)︂]︂
pb = P

[︂
tµ > tobs0 | B

(︂
θ̂obs0

)︂]︂
The confidence level (CL) is given by (1 −CLs). Consequently this procedure is
reiterated for varying µ until CLs = 0.05 in order to obtain a limit at the 95% CL.
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8.1 upper limit extraction

In the section, we extract the expected upper limits on the existence of Heavy Com-
posite Majorana Neutrino in the di-lepton and large-radius jets channel, without
using the observed events. The upper limits have been evaluated using the CMS
high-level tool "combine" [134] and computing limits with toys data generation,
providing as inputs the M(ℓ, ℓ, J) mass shape of estimated backgrounds, the ex-
pected signal, and the data. The fit procedure includes both the top control region
M(eµJ) distribution (Figure 4.33), and the DY control region (in the mass window
150 < M(ℓℓ) < 300 GeV) M(ℓℓJ) distributions.
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Figure 4.33: Post-fit distribution of M(e,µ, J) in the top enriched phase space defined in Section 4.5, for
the electron flavor on the left, and the muon flavor on the right.
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Figure 4.34: Post-fit distribution of M(ℓ, ℓ, J) in the Drell-Yan enriched phase space defined in Section 4.5,
for the electron flavor on the left, and the muon flavor on the right.

We incorporate the systematic uncertainties listed in Sec. 4.6, which are treated
as uncorrelated among the different data-taking years. The expected limits from the
full Run 2 data set for the eeqq channel and the µµqq channel, displayed in Fig. 4.35,
provide an exclusion for the Heavy Composite Majorana Neutrino up to a mass of
3.8 (2.8) TeV, for the reference value of Λ = 13 TeV in the eeqq (µµqq) channel.
The limits on the process cross-section can be also presented in the 2-dimensional
plane (M(N), Λ) for a more practical comparison with the unitarity restrictions
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on the parameters space. The results are shown in Fig. 4.36 for both the channels.
The accessible compositeness scale domain is almost double than that in the 2015
search (order of 20 TeV for the full Run 2 versus the order of 10 TeV for 2015),
whether the mass reach is increased by a factor of 0.5. To conclude, we assess the
effect of the various systematic uncertainties presented in Section 4.6 on the signal
strength measurement of this search. This is often referred to as the calculation of
the "impact" of each uncertainty, i.e. we determine the shift in the signal strength,
for the best-fit, that is induced if a given nuisance parameter is shifted by its ±1σ
post-fit uncertainty values. If the signal strength shifts a lot, it tells us that it has
a strong dependency on this systematic uncertainty. In Figure 4.37, we present the
impact plots for both the channels, considering the reference HCN signal with mass
1000 GeV and compositeness scale of 13 TeV.
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Figure 4.35: Exclusion limit for the combination of the full Run 2 data set for the eeqq (top) and µµqq

(bottom) channels. Error bars account for both statistical and systematic uncertainty.
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Figure 4.36: Exclusion limit for the eeqq (top) and µµqq (bottom) channel for the combination of the three
years of data taking, 2016, 2017, and 2018, in the 2D plane. The solid (violet) lines represent
the fraction of MC events that satisfy the unitarity condition in the EFT approximation [110]
with the various percentages considered.
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Figure 4.37: Impact plots for the main systematic uncertainties, considering the reference HCN mass
of 1000 GeV and compositeness scale of 13 TeV. Top plot: electron channel. Bottom plot:
muon channel. The plots are obtained using the higher-level script "combineTool.py" [134].
The nuisances, ordered by importance, are indicated on the left panels. Nuisances labeled
as "prop_bin*"account for the statistical fluctuation of a specific bin in the input histogram.
Among these, the nuisances highlighted in green consider bins with a low number of events
(∼ 10).
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9 summary of the results

A search for new physics beyond the standard model has been performed considering
a framework of composite fermions that introduces a violation of the lepton number
through the presence of a Heavy Majorana Neutrino [104]. The model was previously
used for an experimental analysis with CMS Run 2 data collected for pp collisions
at

√
s = 13 TeV and an integrated luminosity of 2.3 fb−1, observing no excesses in

ℓℓqq̄′ (ℓ = e,µ) channel with respect to SM predictions.
Here we have addressed the same scenario to the full LHC Run 2 data set, taking
into account for the first time unitarity bounds on the model parameter space for
the optimization of the analysis fiducial region. The study has been carried out
considering a heavy composite Majorana neutrino produced in association with a
lepton and decaying into a same-flavor lepton plus two quarks and requiring two
leptons and at least one AK8 jet in the signal region. The data is in good agreement
with the SM expectations, and we have computed the expected upper limit at 95%
CL on the on σ(pp → ℓNℓ) × B(Nℓ → ℓqq̄′), for both an electron and muon HCN.
The present search represents a considerable improvement of the sensitivity to heavy
composite Majorana neutrinos at the LHC over a much larger parameter space
compared to the previous Run 2 result. The parameters explored are also expected
to lie within the region of validity of the EFT that describes the interactions of the
model.



5
V E C T O R B O S O N S C AT T E R I N G I N
T H E Z V S E M I L E P T O N I C C H A N N E L

1 introduction to multiboson searches at the lhc

The main target of the LHC is to probe the nature of the electroweak symmetry
breaking. The discovery of the Higgs boson and then the measurements of its prop-
erties are a great success, but they are not sufficient for an exhaustive picture of the
mechanism. The SM predicts interaction vertices with three (triple gauge coupling)
or four (quartic gauge couplings) bosons. Several collider experiments explored these
processes in the past [141]. The Large Electron-Positron (LEP) collider accessed the
WW and WZ channels and studied their production cross section as a function of
the center-of-mass energy. This brought the first confirmation of the correctness
of the SM, critically limiting the possible divergent behavior of the WWWW and
WZWZ vertices, which we mentioned in the context of unitarity bounds in Sec-
tion 2.1.1. The CDF and D0 experiments at Tevatron also measured diboson final
states, before the beginning of the extensive ATLAS and CMS research programs
at the LHC.

There are a variety of theoretical motivations for testing the structure of multi-
boson processes at the LHC. While this was done extensively for the QCD-mediated
interactions, there is still much ognoing effort on the study of multiple EW gauge
boson interactions. Thanks to the enormous progress made in precision calcula-
tions, many QCD processes are now estimated up to Next-to-Next-to-Leading-Order
(NNLO), and their implementation in MC generators has reached a high level of
agreement with data in the strong sector. Within this context, we present here the
implementation of the very first of the analysis for the O(α6) electroweak ZVjj
production mediated by a Vector Boson Scattering (VBS) mechanism.

In the following part of this chapter, we will focus on the measurement with the
full Run 2 data of the electroweak ZVjj semileptonic process, collected with the
CMS detector. The entire analysis workflow is presented in detail as described in
the following1. In Section 5.2, we underline the main features of this channel, which
shares the main final states objects (plus the typical VBS tag jets from initial state
radiation) with the search for heavy composite Majorana neutrino widely discussed
in the previous chapters of this thesis. In Section 5.3, we mention all the data sets and
Monte Carlo samples processed and analyzed, and all the corrections implemented.
A brief review of the objects reconstructed here is shown in Section 5.4. Then
follows a detailed description of the event selection, comparing several alternatives,
the estimation of the background sources (Section 5.7), and the treatment of the
systematic uncertainties (Section 5.8) before the outcomes of the search.

1 The final results containing the data cannot be shown at the moment, as the analysis is still undergoing the CMS
Physics Review.
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2 search for vector boson scattering production
of zv decaying semileptonically

The Vector Boson Scattering (VBS) process represents an ideal test bench for the
spontaneous symmetry breaking mechanism at hadron colliders, giving primary ac-
cess to the non-Abelian gauge structure of the electroweak interactions through
quartic gauge couplings [141]. Experimentally, VBS is a purely electroweak signa-
ture wherein a constituent of each proton emits a boson that interacts with each
other producing two bosons in the final states. The remnant of the proton emis-
sion leads to two forward/backward jets in the beam direction characterized by
large rapidity separation and a large dijet mass, often called "tag jets". Figure 5.3
shows a pictorial representation of the topology of a VBS event with respect to the
CMS sensing volume coordinates. Both ATLAS and CMS have recently claimed
the very first observation of electroweak production of same-sign W boson pairs in
proton-proton collisions at 13 TeV [142, 143], but still, no evidence is shown in the
semi-leptonic channel in which a vector boson, V (V = W, Z), decays in leptons
and the other V decays in quarks.

In this section, we presented a search for electroweak production of the VZ bosons
at O(α6), where V is the vector boson decaying hadronically (V=W, Z) and Z
decays in charged leptons (e, µ), plus two jets in proton-proton collisions at 13 TeV
(Figure 5.1). The data correspond to an integrated luminosity of 136 fb−1 collected
from 2016 to 2018.

Figure 5.1: The Feynman diagram of the VBS process with an hadronically decaying gauge boson V, a Z.
A dark blob in the vertex represents the possible inclusion of anomalous couplings contribution.

The semi-leptonic final state profits of the fact that the V → qq̄′ branching fraction
is much larger than the leptonic one, however, it suffers from larger background con-
tamination from other processes, such as the irreducible O(α4α2

s) QCD background
as is shown in Fig. 5.2, and the DY+jets processes O(α2α4

s). Interference of the
EW and QCD amplitudes contributes at O

(︂
α5αs

)︂
, and is shown in Ref. [144] to

account for O(1%) contribution in the typical VBS fiducial region, and hence are
neglected for the moment.

Moreover, the electroweak signal due to the quartic boson self-interaction, in-
terferes with the diagrams of the background processes, making a complete clean
separation intrinsically impossible. Two distinct categories are considered to en-
large the signal acceptance, depending on the topology of the V hadronic decay:
the "boosted category" where we reconstruct a single object (an AK8 jet), and the
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Figure 5.2: The Feynman diagrams of the VBS process QCD induced contribution at O(α4α2
s).

Figure 5.3: A sketch of the VBS topology of the event in the CMS detector parametrization.

"resolved category", when two jets (AK4) are distinctly reconstructed. The complete
jets categorization is summarized in Section 5.5. To enhance the analysis sensitivity,
we have also tested two distinct multivariate approaches: one based on a BDT, and
one making use of explainable artificial intelligence techniques. A detailed descrip-
tion of these methods and the comparison with the "cut-based" analysis strategy is
reported in Sec. 5.9.

Besides the pure EW measurement, it is well known that the study of the VBS
process gives direct access to the non-Abelian gauge structure of the electroweak
interactions through quartic gauge couplings [141]. Therefore, VBS analyses are
sensitive to new physics at energy scales beyond the collider direct reach through
an effective field theory (EFT) description of the standard model (SM) [144–147].
The second step of the VBS semileptonic analysis consists of the measurement of
aQGCs. Such an approach consists of adding higher dimensional operators to the
SM Lagrangian:

LEFT = LSM +
∑︂
i

giOi

Λ∆i−4 , (5.1)

where gi are the so called Wilson coefficients, Λ is the energy scale of the correction
and ∆i ≤ 4 the dimensions of the operators, in order to parametrize small deviations
from the original SM prediction. In this context, the VBS process can be modified
by anomalous quartic gauge couplings (AQGCs), resulting in an enhancement of the
production cross-section at large masses of the di-boson system and high-transverse
momenta. The current most stringent limits on the Wilson coefficients have been
obtained combining the results of the WV and ZV semileptonic channels with a
data sample corresponding to an integrated luminosity of 35.9 fb−1 collected with
the CMS detector in proton-proton collisions at

√
s = 13 TeV [144]. With the full

Run 2 data sample, we could narrow the confidence limits on the Wilson coefficients
by up to a factor two. This can be achieved, on one hand, with the innovations to
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the current analysis presented in this proposal, like the introduction of additional
selection on new topological variables (such as the Zeppenfeld variable [148]). On
the other hand, the improved statistic is shown to reduce the systematic uncer-
tainties, such as the one regarding the normalization of the dominant background
source (DY+jets), which was approximately 16%. From a more phenomenological
standpoint, it is important to note that the bounds obtained in the semileptonic
final state, while being the most stringent, are limited to the interpretation in terms
of dimension-8 operators [149]. However, recently the implication of dimension-6
operators in the aQGCs of the VBS [150] has shown the relevance of their inclusion
in a more adequate interpretation of the experimental results. Moreover, the impli-
cation of perturbative unitarity bounds on EFT couplings has shown the relevance
of their inclusion in a more adequate interpretation of the experimental results2.

3 data and monte carlo samples

In this section we present the data and Monte Carlo samples used for this search
for VBS scattering process at the LHC.

3.1 data samples

The data used in this analysis were collected using the during the 2016, 2017 and
2018 proton-proton runs, and were pre-selected for good luminosity sections using
the following "Golden JSON" files:

• 2016:
Cert_271036-284044_13TeV_23Sep2016ReReco_Collisions16_JSON.txt ,

• 2017:
Cert_294927-306462_13TeV_EOY2017ReReco_Collisions17_JSON.txt ,

• 2018:
Cert_314472-325175_13TeV_17SeptEarlyReReco2018ABC_PromptEraD_Collisions18_JSON.txt,

Cert_314472-325175_13TeV_PromptReco_Collisions18_JSON.txt

Centrally produced NANOAOD dataformat of "Nano2Apr2020" production (also
known as "NANOAODv7") is used. The list of primary datasets and triggers used in
the analysis is reported in Tables 5.1 and 5.2, respectively. Events firing at least one
of the listed triggers are used in the analysis. Technical details on triggers and their
efficiencies are documented in AN-2019/125 [151]. The samples and the HLT paths
considered for the three years are reported in Table 5.2. The full sample corresponds
to an integrated luminosity of approximately 137 fb−1 (35.87 fb −1 + 41.53 fb−1 +
59.74 fb−1).

2 This part of the work is still ongoing and concerns the extension of the interpretation of aQGCs measurement in VBS
ZV semileptonic in terms of both dimension-6/8 and unitarized dimension-6/8 operators. Given the relevance of a
hypothetical measurement of the EW process in the VBS semileptonic channel, the bounds on the EFT/unitarized
EFT from the same channel have been given less priority for the moment.
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Data 2016 2017 2018
Dataset MuonEG MuonEG MuonEG

SingleMuon SingleMuon SingleMuon
SingleElectron SingleElectron EGamma
DoubleMuon DoubleMuon DoubleMuon
DoubleEG DoubleEG

Run Run2016B-Nano1June2019-ver2-v1 Run2017B-Nano1June2019-v1 Run2018A-Nano2Apr20202019-v1
Run2016C-Nano1June2019-v1 Run2017C-Nano1June2019-v1 Run2018B-Nano2Apr20202019-v1
Run2016D-Nano1June2019-v1 Run2017D-Nano1June2019-v1 Run2018C-Nano2Apr20202019-v1
Run2016E-Nano1June2019-v1 Run2017E-Nano1June2019-v1 Run2018D-Nano2Apr20202019-v1
Run2016F-Nano1June2019-v1 Run2017F-Nano1June2019-v1
Run2016G-Nano1June2019-v1
Run2016H-Nano1June2019-v1

Table 5.1: Dataset and run periods used for 2016, 2017, and 2018.

Year (lumi) Data Set Run range Trigger path
2016 (35.9/fb) MuonEG BF(-278273) HLT_Mu8_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL

HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL
F(278273-)H HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ

HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ
SingleMuon BH HLT_IsoMu24

HLT_IsoTkMu24
SingleElectron BH HLT_Ele27_WPTight_Gsf

HLT_Ele25_eta2p1_WPTight_Gsf
DoubleMuon BH(-281613) HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL

HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL
H(281613-) HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ

HLT_Mu17_TrkIsoVVL_TkMu8_TrkIsoVVL_DZ
DoubleEG BH HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL_DZ

2017 (41.53/fb) MuonEG B HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL_DZ
HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ

CF HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL
HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ

SingleMuon BF HLT_IsoMu27
SingleElectron BF HLT_Ele35_WPTight_Gsf
DoubleMuon B HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ

CF HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass8
DoubleEG BH HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL

2018 (59.74/fb) MuonEG AD HLT_Mu23_TrkIsoVVL_Ele12_CaloIdL_TrackIdL_IsoVL
HLT_Mu12_TrkIsoVVL_Ele23_CaloIdL_TrackIdL_IsoVL_DZ

SingleMuon AD HLT_IsoMu24
DoubleMuon AD HLT_Mu17_TrkIsoVVL_Mu8_TrkIsoVVL_DZ_Mass3p8
SingleElectron AD HLT_Ele32_WPTight_Gsf
DoubleElectron AD HLT_Ele23_Ele12_CaloIdL_TrackIdL_IsoVL

Table 5.2: Datasets and corresponding trigger paths used in the analysis.
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This analysis considers final states with 2 leptons, be either electrons or muons,
therefore a combination of both single and double lepton triggers is used. The trigger
efficiency is calculated from the data and applied to the data directly, so there is no
need for MC corrections.

3.2 monte carlo samples

The analysis uses also Monte Carlo (MC) samples for the simulation of signal and the
SM backgrounds. We consider centrally produced MC samples during the following
campaigns:

• 2016:
RunIISummer16NanoAODv7-PUMoriond17_Nano02Apr2020_102X_mcRun2_asymptotic_v8_ext2-
v1,

• 2017:
RunIIFall17NanoAODv7-PU2017_12Apr2018_Nano02Apr2020_102X_mc2017_realistic_v8-v1,

• 2018:
RunIIAutumn18NanoAODv7-Nano02Apr2020_102X_upgrade2018_realistic_v21-v1.

The EWK VBS signal is simulated at the leading order (LO) with six EW and
zero QCD vertices with the MadGraph5_aMC@NLO 2.6.5 generator requiring a
final state with two leptons coming from the Z decay, and two quarks from the V
boson decay. The QCD mediated production of two gauge bosons, with two opposite
sign same flavour leptons and two quarks is considered as a background process. The
MC for this QCD background source is produced with the MadGraph5_aMC@NLO
2.6.5 generator at the LO. The complete list of the VBS EW and QCD MC samples
and their cross sections can be found in Table 5.3.

The background samples considered are top quark pair production (tt̄), single top
quark production tW, the Drell-Yan (DY) process, W+jets, diboson and triboson
production (VVV, VZ), and other minor backgrounds (like gluon-gluon fusion to
WW, Vγ associated production, and vector boson fusion process VBF-V). The
simulations for the tt̄ and for the tW, are performed, respectively at next-to-next-to-
the-leading order (NNLO) and at next-to-the-leading order (NLO) with POWHEG
(2.0) [152], while the Drell–Yan (DY) and the W+jets samples are generated with
MadGraph5 generator at LO accuracy with the MLM matching scheme [153]. The
WW, WZ, and ZZ processes are produced with PYTHIA (v8.2) [154] and are
normalized to NLO.

The parton distribution functions (PDFs) used to generate the simulated back-
ground samples for 2016 (2017 and 2018) is the NNPDF3.0 (NNPDF3.1 NNLO) [155,
156]. The generators used for signal and background processes are interfaced with
PYTHIA 8.226 (8.230) to simulate parton showering and hadronization in 2016
(2017 and 2018).
All MC samples use the PYTHIA [157] program with the CUETP8M1 tune [158]
for 2016 simulation, and CP5 tune [159] for 2017 and 2018 samples to describe
parton showering and hadronization. Additional collisions in the same or adjacent
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Process Dataset name cross section (pb)
VBS EW samples
WmTo2J_ZTo2L /WminusTo2JZTo2LJJ_EWK_LO_SM* 0.0298
WpTo2J_ZTo2L /WplusTo2JZTo2LJJ_EWK_LO_SM* 0.0540
ZTo2L_ZTo2J /ZTo2LZTo2JJJ_EWK_LO_SM 0.0159

VBS QCD process
WpTo2J_WmToLNuQCD /WplusTo2JWminusToLNuJJ_QCD_LO_SM* 5.561
WpToLNu_WmTo2JQCD /WplusToLNuWminusTo2JJJ_QCD_LO_SM* 5.544
WmToLNu_ZTo2JQCD /WminusToLNuZTo2JJJ_QCD_LO_SM* 1.302
WpToLNu_ZTo2JQCD /WplusToLNuZTo2JJJ_QCD_LO_SM* 2.162
WmTo2J_ZTo2LQCD /WminusTo2JZTo2LJJ_QCD_LO_SM* 0.3862
WmToLNu_WmTo2JQCD /WminusToLNuWminusTo2JJJ_QCD_LO_SM* 0.03774
WpTo2J_ZTo2LQCD /WplusTo2JZTo2LJJ_QCD_LO_SM* 0.6409
WpToLNu_WpTo2JQCD /WplusToLNuWplusTo2JJJ_QCD_LO_SM* 0.08642
ZTo2L_ZTo2JQCD /ZTo2LZTo2JJJ_QCD_LO_SM* 0.3756

Table 5.3: EW VBS ZVjj semileptonic signals and backgrounds used in this analysis.
2016: *_MJJ100PTJ10_TuneCUETP8M1_13TeV-madgraph-pythia8, 2017, 2018:
*_MJJ100PTJ10_TuneCP5_13TeV-madgraph-pythia8.

bunch crossings (pileup) are taken into account by superimposing simulated mini-
mum bias interactions onto the hard scattering process, with a number distribution
matching that observed in data. Simulated events are propagated through the full
GEANT4 based simulation [160] of the CMS detector.
The list of samples for the background processes is reported in Tables 5.4 and 5.5.
The listed names contain also the information about the MC generator that were
used for the production of the corresponding processes.

3.3 mc correction factors

MC simulated samples are further given the following event-by-event weights to
better approximate the collision data in terms of kinematics and object identification
efficiency:

• Pileup reweighting: the ratio between the normalized distributions of num-
ber of inelastic collisions for each year and the MC pileup profile is used as an
event weight. The proton inelastic cross section value of (69.2 ± 4.6%) mb is
used to derive the distribution of number of collisions. The pileup reweighting
factor is a function of the true number of generated inelastic collisions in the
event.

• Lepton identification efficiency scale factor: Data / MC scale factor of
lepton identification efficiencies is applied to the event. Details of the scale
factors can be found in the supporting CMS note AN-2019/125 [151]. Functions
of the lepton momentum and pseudorapidity.

• Heavy-flavor tagging efficiency scale factor: For each jet in the event
where the b-tagging discriminator is evaluated, a scale factor provided by the
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Process DAS name Xsec. (pb) Xsec. computed order
DY (10 < m(ℓℓ) < 50GeV) /DYJetsToLL_M-10to50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 18610 NLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 6077.22 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-70to100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 208.977 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-100to200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 181.30 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-200to400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 50.4177 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-400to600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 6.98394 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-600to800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 1.68141 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-800to1200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 0.775392 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-1200to2500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 0.186222 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-2500toInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 0.00438495 NNLO
tt̄ (semi-leptonic) /TTToSemilepton_TuneCUETP8M2_ttHtranche3_13TeV-powheg-pythia8/ 365.34 NNLO
tt̄ (leptonic) /TTTo2L2Nu_TuneCUETP8M2_ttHtranche3_13TeV-powheg-pythia8/ 88.29 NNLO
ttW /TTWJetsToLNu_TuneCUETP8M1_13TeV-amcatnloFXFX-madspin-pythia8/ 0.2043 NLO
ttW /TTWJetsToQQ_TuneCUETP8M1_13TeV-amcatnloFXFX-madspin-pythia8/ 0.4062 NLO
ttZ /ttZJets_13TeV_madgraphMLM-pythia8/ 0.5407 NLO
Single-top, s-channel /ST_s-channel_4f_leptonDecays_13TeV_PSweights-amcatnlo-pythia8/ 3.36 NLO
Single-top, tW -channel /ST_tW_antitop_5f_NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1/ 19.20 NNLO
Single-top, tW -channel /ST_tW_top_5f_NoFullyHadronicDecays_13TeV-powheg_TuneCUETP8M1/ 19.20 NNLO
Single-top, t-channel /ST_t-channel_antitop_4f_inclusiveDecays_13TeV_PSweights-powhegV2-madspin/ 80.95 NLO
Single-top, t-channel /ST_t-channel_top_4f_inclusiveDecays_13TeV_PSweights-powhegV2-madspin/ 136.02 NLO
W+Jets /WJetsToLNu_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 61526.7 NNLO
W+Jets /WJetsToLNu_HT-70To100_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 1637.1 NNLO
W+Jets /WJetsToLNu_HT-100To200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 1627.45 NNLO
W+Jets /WJetsToLNu_HT-200To400_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 435.237 NNLO
W+Jets /WJetsToLNu_HT-400To600_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 59.1811 NNLO
W+Jets /WJetsToLNu_HT-600To800_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 14.5805 NNLO
W+Jets /WJetsToLNu_HT-800To1200_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 6.65621 NNLO
W+Jets /WJetsToLNu_HT-1200To2500_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 1.60809 NNLO
W+Jets /WJetsToLNu_HT-2500ToInf_TuneCUETP8M1_13TeV-madgraphMLM-pythia8/ 0.0389136 NNLO
WW /WW_TuneCUETP8M1_13TeV-pythia8/ 118.7 NLO
WZ /WZ_TuneCUETP8M1_13TeV-pythia8/ 47.13 NLO
ZZ /ZZ_TuneCUETP8M1_13TeV-pythia8/ 16.523 NLO
WWW /WWW_4F_TuneCUETP8M1_13TeV-amcatnlo-pythia8/ 0.2086 NLO
WWZ /WWZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8/ 0.1651 NLO
WZZ /WZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8/ 0.05565 NLO
ZZZ /ZZZ_TuneCUETP8M1_13TeV-amcatnlo-pythia8/ 0.01398 NLO

Table 5.4: The list of MC samples and corresponding cross-sections used in 2016 analysis.
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Process DAS name Xsec. (pb) Xsec. computed order
DY (10 < m(ℓℓ) < 50GeV) /DYJetsToLL_M-10to50_TuneCP5_13TeV-madgraphMLM-pythia8/ 18610 NLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_TuneCP5_13TeV-madgraphMLM-pythia8/ 6077.22 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-70to100_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 208.977 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-100to200_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 181.30 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-200to400_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 50.4177 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-400to600_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 6.98394 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-600to800_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 1.68141 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-800to1200_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 0.775392 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-1200to2500_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 0.186222 NNLO
DY (m(ℓℓ) > 50GeV) /DYJetsToLL_M-50_HT-2500toInf_TuneCP5_PSweights_13TeV-madgraphMLM-pythia8/ 0.00438495 NNLO
tt̄ (semi-leptonic) /TTToSemiLeptonic_TuneCP5_13TeV-powheg-pythia8/ 365.34 NNLO
tt̄ (leptonic) /TTTo2L2Nu_TuneCP5_13TeV-powheg-pythia8/ 88.29 NNLO
W+Jets /WJetsToLNu_TuneCP5_13TeV-madgraphMLM-pythia8/ 61530 NNLO
ttW /ttWJets_TuneCP5_13TeV_madgraphMLM_pythia8/ 0.4611 NLO
ttZ /ttZJets_TuneCP5_13TeV_madgraphMLM_pythia8/ 0.5407 NLO
Single-top, s-channel /ST_s-channel_4f_leptonDecays_TuneCP5_13TeV-madgraph-pythia8/ 3.36 NLO
Single-top, tW -channel /ST_tW_antitop_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8/ 19.20 NNLO
Single-top, tW -channel /ST_tW_top_5f_NoFullyHadronicDecays_TuneCP5_13TeV-powheg-pythia8/ 19.20 NNLO
Single-top, t-channel /ST_t-channel_antitop_5f_TuneCP5_13TeV-powheg-pythia8/ 80.95 NLO
Single-top, t-channel /ST_t-channel_top_5f_TuneCP5_13TeV-powheg-pythia8/ 136.02 NLO
W+Jets /WJetsToLNu_HT-70To100_TuneCP5_13TeV-madgraphMLM-pythia8/ 1637.1 NNLO
W+Jets /WJetsToLNu_HT-100To200_TuneCP5_13TeV-madgraphMLM-pythia8/ 1627.45 NNLO
W+Jets /WJetsToLNu_HT-200To400_TuneCP5_13TeV-madgraphMLM-pythia8/ 435.237 NNLO
W+Jets /WJetsToLNu_HT-400To600_TuneCP5_13TeV-madgraphMLM-pythia8/ 59.1811 NNLO
W+Jets /WJetsToLNu_HT-600To800_TuneCP5_13TeV-madgraphMLM-pythia8/ 14.5805 NNLO
W+Jets /WJetsToLNu_HT-800To1200_TuneCP5_13TeV-madgraphMLM-pythia8/ 6.65621 NNLO
W+Jets /WJetsToLNu_HT-1200To2500_TuneCP5_13TeV-madgraphMLM-pythia8/ 1.60809 NNLO
W+Jets /WJetsToLNu_HT-2500ToInf_TuneCP5_13TeV-madgraphMLM-pythia8/ 0.0389136 NNLO
WW /WW_TuneCP5_PSweights_13TeV-pythia8/ 118.7 NLO
WZ /WZ_TuneCP5_PSweights_13TeV-pythia8/ 47.13 NLO
ZZ /ZZ_TuneCP5_13TeV-pythia8/ 16.523 NLO
WWW /WWW_4F_TuneCP5_13TeV-amcatnlo-pythia8/ 0.2086 NLO
WWZ /WWZ_TuneCP5_13TeV-amcatnlo-pythia8/ 0.1651 NLO
WZZ /WZZ_TuneCP5_13TeV-amcatnlo-pythia8/ 0.05565 NLO
ZZZ /ZZZ_TuneCP5_13TeV-amcatnlo-pythia8/ 0.01398 NLO

Table 5.5: The list of MC samples and corresponding cross-sections used in 2017 and 2018 analysis.
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B-tagging Physics Object Group (BTV POG) depending on the jet momentum,
η, flavor, and the b-tagging discriminator value is applied to the event. The
scale factors are designed to make the distribution of the discriminator value
in the simulation close to that found in collision data.

• Pileup jet ID scale factor: preliminary scale factors computed by the Jet
and Missing Transverse Energy Physics Object Group (JME POG) [161] for
the pileup jet identification at the loose working point are applied to the jet.
The total weight per event is a product of the scale factors for all jets with
pT > 30 GeV, |η| < 4.7 in the event.

• L1 prefiring correction: for MC simulations for the 2016 and 2017 analyses,
additional trigger efficiency scale factors are considered as presented in the pre-
vious chapter, in order to compensate the inefficiency due to the L1T prefiring
effect.

• Top pT reweighting. During Run 1 and Run 2 of the LHC, the momentum
spectrum of top quarks in t̄t data was significantly softer than those predicted
by the various MC simulations, based on either LO or NLO matrix elements
interfaced with parton showers. The latest NNLO (+ NLO EW) calculations
integrate our most current theoretical knowledge of the SM tt̄ production and
can be used, in specific cases, to correct the top quarks pT spectra in the tt̄ MC.
A dedicated top pT reweighting function is also derived from the top enriched
region and applied across the analysis while monitoring the agreement of other
distributions as a result of this reweighting.

4 object reconstruction in vbs semileptonic anal-
yses

Here we describe the reconstruction and identification of the objects employed in
the analysis 3.

Electrons, muons, and jets are basic elements of the event reconstruction for the
analysis, and below we briefly mention the collections we access for each object used
in this search and how we identify them. In particular, it is worth to point out that
the reconstruction and selection of leptons are optimized separately for each year of
the LHC Run2 following the prescriptions of the POGs.

4.1 electrons

Several strategies are used in CMS to identify promptly isolated electrons present
in the signal, and to separate them from background sources, mainly originating
from photon conversions, jets misidentified as electrons, or electrons from semilep-
tonic decays of b and c quarks. Simple and robust algorithms have been developed
to apply sequential selections on a set of discriminants taken from calorimetric ob-
servables, isolation variables, tracking quality variables, and conversion rejection

3 The definition, reconstruction, efficiencies, and systematics of the objects used in the present analysis are shared
with the CMS "Higgs to WW" Run-2 analysis group and are fully documented in Ref. [151]
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variables. A set of cuts on various variables for achieving a particular signal effi-
ciency is commonly referred to as "Working Point (WP)". Another set of selection
comes from the multivariate (MVA) approach, where a single discriminator variable,
on the basis of the Boosted Decision Tree (BDT) algorithm, is computed. In the
present analysis, electrons are selected with this second method, i.e. by using the
so-called "mva_90p_Iso2016" for 2016 samples ("mvaFall17V1Iso_WP90" for 2017
and 2018) [151].

4.2 muons

The muon selection used in the analysis relies on the "TightHWW" algorithm, based
upon the recommendation from the Muon POG group for the Tight selection, with
a series of extra cuts:

• pT > 10 GeV

• |η| < 2.4

• |dxy| < 0.01 cm for pT < 20 GeV and |dxy| < 0.02 cm for pT > 20 GeV, where
dxy is the impact parameter w.r.t. the primary vertex,

• |dz| < 0.1 cm, where dz is the longitudinal distance of the tracker track w.r.t.
the primary vertex.

• For the muon isolation criteria we are using the recommended Muon POG
tight PF-based combined relative isolation with ∆β correction in a cone size of
∆R < 0.4.

On top of these selections, to further reduce the fake leptons contribution. Finally,
to eliminate a possible bias in the muon momentum originated from detector mis-
alignment, software reconstruction, or uncertainties in the magnetic field, we apply
the corrections developed by the Rochester group [162].

4.3 jets

A jet is a collection of hadrons originating from a common parton. Jets are confined
to a relatively small cone due to the large momentum magnitude of the parent parti-
cle and the relatively small transverse momentum associated with the fragmentation
process. Jets considered in this analysis are reconstructed as AK4 PF jets with the
Charged Hadron Subtraction (CHS) method, meaning that the jets are clustered
from the particle flow candidates using the anti-kT algorithm with a distance pa-
rameter of R = 0.4.

Moreover, as we will see in the next section, hadronically decaying vector boson
candidates are reconstructed using an anti-kT clustering algorithm with a distance
of R = 0.8 and using the PUPPI algorithm [163]. The V-jets candidates are re-
quired to have pT > 200 GeV and |η| < 2.4. The boosted jet mass is computed
after employing the softdrop algorithm [164] and is required to be between 40 GeV
and 250 GeV. A cut on N-subjettiness [165] variable τ21 < 0.45 is used to identify
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jets from W or Z decays. Moreover, V-jets candidates are excluded if their distance
from lepton candidates is ∆R < 0.8. Anti-kT R = 0.4 jets within ∆R < 0.8 from
the boosted jet candidates are excluded from the event.

An important task for analyses characterized by two vector bosons in the final
state is the suppression of the top quark background. The main processes belonging
to this category are tt̄ production, characterized by the presence of two b jets in the
final state, and tW production, which is characterized by having only one top quark,
decaying to a W and a b quark, produced together with a W boson. The usage of
b-tagging algorithms to efficiently tag jets that are likely coming from B hadron
decays is thus a fundamental tool to reject top background events. B tagging is a re-
construction technique that takes advantage of the relatively long lidetime and large
mass of B hadrons and assigns to each jet a likelihood that it contains a B hadron.
The b-tagging can be based on track information, secondary vertex information,
soft lepton information, or some combination of the above. A variety of b-tagging
algorithms based on different input information has been developed by CMS. A
common feature is that all these algorithms produce an output discriminator that
describes how likely it is that a given jet is a b jet, i.e. the higher is the discriminator
value, the bigger is the probability that the jet is a real b jet. In this analysis, the
loose WP of the DeepCSV ("Combined Secondary Vertex") algorithm [166] is used
for b-tagging on AK4 jets.

5 event topology and analysis strategy

In this section, we focus on the analysis phase space, presented in Figure 5.4. First,
we describe the preselection on our samples, which is common for both control
regions and signal region. Then, we highlight the details of the signal region.

5.1 preselection on the events

The VBS semileptonic selection aims to identify events with two leptons, and four
quarks in the final state, which are detected as jets by the showering and hadroniza-
tion processes and whose number depends also on the jet clustering and pairing
algorithms used.
The selection for the lepton candidates in the event considers two isolated light
leptons (either muons or electrons), with same flavor (opposite flavor for the top
enriched region) and opposite charge and pT > 25(15) GeV, based on the trigger
thresholds. The invariant mass of the leptonic system is also required to lie in a 15
GeV window centered around the nominal Z boson mass.

Figure 5.5 shows the categorization scheme of jets in the event. The two forward
"tag-jets" (or "VBS-jets") from the initial state radiation are identified by applying a
selection criteria based on the invariant mass of the objects. They are selected as the
pair of AK4 jets with the highest invariant mass in the event, with the additional
cuts mjj > 200 GeV, and |∆ηjj | > 2.0.

To maximize the acceptance to the V-boson decay products, we further define
two orthogonal categories for the remaining jets in the event, the "boosted" and
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Figure 5.4: Scheme of the VBS ZVjj analysis phase space.

the "resolved", depending on the specific decay topology. Events with two VBS-
jets and at least one-large radius jet (AK8), i.e. with a distance parameter R =√︂
(∆η)2 + (∆ϕ)2 = 0.8, fall within the boosted category. This corresponds to the

case in which the decay products of the V-boson are collimated in the laboratory
system and the resulting jets are merged into a single larger jet (AK8) with mass
compatible with the W or Z bosons. When the event category is instead "resolved",
there are no AK8 jets and at least two more AK4 jets. In case of more than two
V-jets candidates, the pair with the invariant mass closest to the W or Z mass
is selected. In both cases, we can define a V-jet mass: either identified with the
softdrop mass for the boosted topology, or with the invariant mass of the two AK4
jets. To summarize, the complete list of preselection requirements for the present
analysis is listed in Table 5.6.

Once we have defined the common baseline for all our samples, we use the mass of
the V-boson to define the signal region and the background enriched regions, that
are presented in detail in the next Section 4.5. Since we expect the V-boson in the
VBS signal to be generated on-shell, we select our signal in 65 < mV < 105 GeV.
This condition is instead inverted for the DY+jets region, which is responsible of
the major background contamination.

We finally conclude with a remark on the choice of the two specific algorithms on
the VBS/V-jets pairings, which are motivated by studies on parton-jet matching
presented in Ref. [167], where the efficiency of several categorization algorithms was
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Figure 5.5: The Feynman diagram of the VBS process with an hadronically decaying gauge boson V, a Z.
Dark blobs in the vertex represent the possible inclusion of anomalous couplings contribution.
The blue and red boxes on the right highlights the jets categorization in the search.

compared. For the sake of completeness, we report in Table 5.7 a summary on the
performances of the various jets pairings, to underline the goodness of our choice.

5.2 cut-based analysis strategy

In this part, we present a possible strategy for the statistical analysis that takes
advantage of a series of cuts performed on the main kinematical variables on top of
the minimal signal region outlined in the previous Section 5.5.

This tighter selection will be employed in Section 5.9 for the statistical analysis
in the extraction of the signal significance for the VBS ZVjj process, and will be
compared with a multivariate-analysis approach, presented in the Section 5.6.

For the identification of a series of cuts, we present in Figure 5.6 the comparison
of the shape between signal and backgrounds for several kinematical distributions
in the signal region with pre-selection cuts. The tighter signal region select events
according to the following requirements:

• transverse momentum pT (sub)leading > 40 (20) GeV,

• invariant mass of the "VBS jets" mjj > 250 GeV. This cuts reduces the con-
tamination in the SR of the major background due to DY process,

• (resolved category) leading V-jet momentum pT j1 > 80 GeV.

In Figure 5.7 we show a comparison between the ∆ηjj distributions for the signal
region and the signal region with the "tighter" selection. The rejection of the major
background source, the DY+jets, is noticeably improved.
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Object Variables Selection

leptons N.of Leptons == 2
mll [76; 106] GeV

pT (ℓ1) > 25 GeV
p(ℓ2) > 15 GeV

VBS jets pT j1,2 > 30 GeV
mjj > 200GeV
|ηj | < 5
∆ηjj > 2.0

V-jet (boosted) pTJ > 200 GeV
|ηJ | < 2.5

V-jets (resolved) pT j > 30 GeV
|ηj| < 2.5

Table 5.6: Summary of the pre-selection used in the present analysis for the leptons and the VBS jets. A
veto on AK4 jets with pT < 30 GeV is also applied to each event.

Figure 5.6: Shape comparison of the major backgrounds and signal process (red line) for the final state
for 2018 luminosity.
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VBS Selection Algorithm Efficiency
Max mjj maxi,j

(︁√︁
pµpµ

)︁
64, 4%

Max ∆η maxi,j
(︁⃓⃓

ηi − ηj
⃓⃓)︁

49, 5%

Max ∆R maxi,j
(︃√︂

(ηi − ηj)
2 + (ϕi − ϕj)

2
)︃

47, 9%

V Selection Algorithm Efficiency

Min ∆η / Nearest W mini,j
(︃

|80−
√
pµpµ|

80 +
⃓⃓
ηi − ηj

⃓⃓)︃
76, 7%

Nearest W mini,j
(︁⃓⃓

80 −
√︁

pµpµ
⃓⃓)︁

76, 5%

Min ∆η/ Nearest W or Z mini,j
(︃

min ∆η + mini,j
(︃

|80−
√
pµpµ|

80 , |91−
√
pµpµ|

91

)︃)︃
76, 3%

Nearest W or Z mini,j( Nearest W, Nearest Z) 73, 7%
Nearest Z mini,j

(︁⃓⃓
91 −

√︁
pµpµ

⃓⃓)︁
65, 6%

Min ∆η mini,j
(︁⃓⃓

ηi − ηj
⃓⃓)︁

50, 2%

Min ∆R mini,j
(︃√︂

(ηi − ηj)
2 + (ϕi − ϕj)

2
)︃

44, 6%

Max pT maxi,j
(︂√︂

p2
x + p2

y

)︂
14, 3%

Table 5.7: Summary of the Gen-Level studies on the efficiency of several selection algorithms for V-jets
and VBS-jets selection presented in Ref. [167]. The efficiency is the ratio between number of
correct parton-jet matching normalized to the total number of events in the signal sample.

Figure 5.7: Distributions of pseudorapidity gap between the VBS-jets, for the MC VBS ZVjj signal and
the backgrounds in the signal region (left) and in the "tight" signal region (right). On the first
line: the boosted topology. On the second line: the resolved topology.
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6 studies on a multivariate approach

In this Section, we analyze a possible strategy for the extraction of this rare signal
process, taking advantage of the multivariate analysis strategy.

As we have seen in Sec. 5.5.2, some of the variables show differences in their distri-
bution between signal and backgrounds, but none can discriminate enough the VBS
electroweak from irreducible backgrounds without losing too many signal events.
A possible way to improve the statistical significance of the signal in our analysis
is to implement a multivariate analysis (MVA) selection. The best performance is
achieved by choosing the better of the two approaches: Boosted Decisions Trees
(BDT) and feed-forward deep neural network (DNN).

For both methods, the strategy is the same: a single model is trained for each
category (Boosted or Resolved) to discriminate the signal against all backgrounds
at the same time, providing a binary output as a floating-point number in [0,1] range.
This is achieved by combining all simulation samples into a single dataset containing
the information on the cross-section, selection, and scale factor coefficients applied
as a weight on a per-event basis. The training is performed in a slightly looser Signal
Region from 5.5.1. We keep the phase-space, defining cuts but keep the full range
for the VBS dijet mass and η separation.

For the models to learn more efficiently, the events are then reweighted to avoid
unbalance between signal and background events. Therefore, a scaling of the weights
is applied so that the sum of weights for signal events equals the sum of weights
for all backgrounds, keeping the ratio between backgrounds equal. This is done
so that the models do not learn to discriminate against minor backgrounds while
losing discriminating power against main backgrounds. The input variables are also
standardized to avoid biases induced by the difference of scale between variables.

The dataset is split into training and testing (or validating) parts on an 80%-
20% basis. The testing dataset is used to monitor the models’ training and make
sure overtraining is kept to the minimum. To be able to use all events in the final
fit, we also perform 5-fold cross-validation on the training dataset for optimization
(splitting the data into 5 subsets and using iteratively one of them as validation)
and performing a Kolmogorov-Smirnov (KS) test on the models’ output for training
and testing sets. A model failing this test is discarded.

We assess the performances of models trained on only the 2018 dataset of the full
Run 2. The 2018 dataset was chosen for the first studies, as it contains the largest
amount of events. The number of events are reported in Table 5.8

Table 5.8: Number of events in Boosted and Resolved 2018 Signal Region datasets.
Total number of events Background events Signal events
Resolved topology
385812 343790 42022
Boosted topology
55809 50024 5785
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6.1 boosted decisions tree

The XGBoost library [168] is chosen for the BDT approach. Two different models
were trained for Resolved and Boosted categories. The input variables for each
category are shown in Table 5.9.

Table 5.9: List of the inputs variables used for Resolved and Boosted categories models, respectively.
Input variable Description
Resolved
lepton pt 1 leading lepton transverse momentum
lepton pt 2 subleading lepton transverse momentum
lepton η 1 leading lepton pseudorapidity
lepton η 2 subleading lepton pseudorapidity
Zlepton 1 Zeppenfeld Zlep1 =

ηlep1−η̄
∆ηV BS

Zlepton 2 Zeppenfeld Zlep2 =
ηlep2−η̄
∆ηV BS

VBS jet pt1 leading VBS jet transverse momentum
VBS jet pt2 subleading VBS jet transverse momentum
VBS jet η1 leading VBS jet pseudorapidity
VBS jet η2 subleading VBS jet pseudorapidity
V jet pt1 leading V jet transverse momentum
V jet pt2 subleading V jet transverse momentum
V jet η1 leading V jet pseudorapidity
V jet η2 subleading V jet pseudorapidity
V jet mass reconstructed V jet invariant mass
mjj VBS dijet invariant mass
∆ηjj VBS dijet η separation
Boosted
lepton pt 1 leading lepton transverse momentum
lepton pt 2 subleading lepton transverse momentum
lepton η 1 leading lepton pseudorapidity
lepton η 2 subleading lepton pseudorapidity
Zlepton 1 Zeppenfeld Zlep1 =

ηlep1−η̄
∆ηV BS

Zlepton 2 Zeppenfeld Zlep2 =
ηlep2−η̄
∆ηV BS

VBS jet pt1 leading VBS jet transverse momentum
VBS jet pt2 subleading VBS jet transverse momentum
VBS jet η1 leading VBS jet pseudorapidity
VBS jet η2 subleading VBS jet pseudorapidity
Fat jet pt AK8 jet momentum
Fat jet η AK8 jet pseudorapidity
mjj VBS dijet invariant mass
∆ηjj VBS dijet η separation

Due to the task being a binary classification, the objective function used is the
binary logistic. To be sure to contain overtraining, the Area Under the Curve (AUC)
of the Receiver Operating Characteristic (ROC) curve and the "log loss" were mon-
itored during training. An early stopping that cuts training when the AUC doesn’t
improve for five consecutive steps was also implemented. L1 and L2 regularizations
are also applied.
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The maximal tree depth, learning rate, and both regularizations parameters are
optimized with a grid search and cross-validation. The optimal values are shown in
Tab. 5.10.

Table 5.10: Optimized values for BDT hyperparameters.

Parameter Optimization range Optimum (Resolved) Optimum (Boosted)

Max tree depth 4-10 4 3
Learning rate [0.01,0.05,0.1,0.2,0.3] 0.1 0.1
Subsample ratio of the training instances not optimized 0.8 0.8
Subsample ratio of columns not optimized 0.8 0.8
l1 regularization [0.01, 0.1,1,10] 10 10
l2 regularization [0.01, 0.1,1,10] 10 10

6.1.1 BDT training monitoring

To monitor the training of the BDT, and to reject overfitted models, the dataset is
divided into two subsets, one used for the training and optimization of the model,
called training dataset, and one used to control whether the model generalizes well
on unseen data called testing dataset. Moreover, the optimization of the BDT uses
five-fold cross-validation. That means that we further split the training dataset into
five subsets, and then performing the training five times, each one using one of the
subsets to validate the training performed on the other four. This method allows
using the full training dataset for validation.

Figure 5.8: The workflow for samples division into subsets for training and testing.

A set of metrics is chosen to see the behavior of the models on the dataset. The
first one is the logarithm of the loss ("log loss") function of the model. If the log
loss of the training dataset continues to decrease while the validation is stable or
increases, it is a clear sign of overtraining. The ROC AUC is also used. The ROC
curve plots the number of background events correctly labeled as a function of the
number of signal events correctly labeled for different values of thresholds on the
BDT outputs. The AUC then measures the area under this curve. A better AUC
points to better performances, but if the training and testing AUC starts to diverge
it is a sign of overtraining. These metrics are showcased in Fig.5.9.
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To optimize the BDT’s parameters, a scoring function was defined on the cross-
validation results as the test AUC penalized by the absolute value of the difference
between test and train AUC. The α coefficient is set to 1.

[AUCtest − α× |AUCtest −AUCtrain|] (5.2)

Figure 5.9: Evolution of the metrics during cross validation fro Resolved (top row) and Boosted (bottom
row) categories. Left: the Area Under the ROC Curve. Right: the logloss. The "Best" point
correspond to the optimum of the the scoring function.

Once the best parameters and number of rounds are obtained, the final training
is performed on the whole training subset. During this training, a Kolmogorov-
Smirnov test measuring the similarity between the BDT output on training and
testing dataset for signal and backgrounds is performed. The model is kept if the
KS test p-value is over 5% at the end of the training. If the p-value is decreasing a
lot, then that is another hint of overtraining.

6.1.2 BDT Results

In Fig. 5.10 are presented the performances obtained with the final training for the
BDT for both categories. To evaluate the performances we use the AUC, where
higher values are indicating better discriminating power. The histogram showing
the BDT output for the signal and backgrounds is also shown, as well as the KS
test p-values. For the BDT output, the weights are the ones used for training, not
the real ones, and serves only to show the different populations and not expected
yield.
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6.2 deep neural networks

The second class of classifier tested in this analysis is a Multi-Layered Perceptron
(MLP) or fully connected deep neural network (DNN). The framework selected is
Keras [169]. The data set is split in the same ways as 5.6.1 with 80% of the samples
used for training and 20% for testing the network. Once again, a model is trained
for the Boosted category and another for Resolved.

6.2.1 DNN architecture

The architecture selected is a dense neural network, using binary cross-entropy as
a loss function and Adam as the optimizer. Adam is a gradient descend optimizer
that dynamically updates the learning rate on a per-parameter basis. The layers
are built with Rectified LinearUnit (ReLU) activation function, l1, and l2 kernel
regularization. A dropout function is added (forgetting a given proportion of the
weights at every epoch) to avoid overtraining. The output layer is a single neuron
activated by a sigmoid function to get an output in the range [0,1]. The size and
number of hidden layers were optimized using Bayesian optimization, grid-search
being ineffective for several parameters this big. The optimized values and range
explored for each parameter are shown in Tab.5.11. The optimum is defined as the
training maximizing the scoring function defined in Eq. 5.2.

Table 5.11: Optimized values for DNN hyperparameters.
Parameter Optimization range Optimum Resolved Optimum Boosted

Number of hidden layer 1-5 2 2
Neurons per hidden layer 20-200 165 170
dropout rate 0-50% 20% 20%
starting learning rate 1e−5 - 1e−1 1e−4 1e−4

l1 kernel regularization 0-1e−2 0 0
l2 kernel regularization 0-1e−2 1e−3 1e−3

Max number of epochs Not optimized 400 400
Batch size Not optimized 512 512
Early Stopping patience Not optimized 10 10

6.2.2 DNN Training

To monitor the model training and to be sure to control overtraining, the loss and
AUC are monitored at each epoch for both training and testing samples. The results
are shown in Fig. 5.11.

Once the training is over, the mode’s performances are assessed by looking at the
DNN output, KS test, and ROC curves. The results are presented in Fig. 5.12.

6.3 bdt and dnn comparison

Once the DNN and BDT models have been fully trained, their performances are
compared by the way of the Area Under the Receiver Operator Characteristic curve
(AUC). The values obtained are shown in Tab. 5.12.
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Category BDT DNN

2018 Resolved SR (test) 83.8% 84.2%
2018 Resolved SR (train) 85.0% 84.9%
2018 Boosted SR (test) 82.2% 81.8%
2018 Boosted SR (train) 84.8% 84.1%

Table 5.12: AUC values for BDT and DNN

Performances are similar for both multivariate methods, but more optimization
has to be realized, particularly on the DNN side.
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Figure 5.10: Models performances for Boosted (left) and Resolved (right) categories. Top: The BDT output
for signal and backgrounds on the testing set (full lines) and training set (dashed). Middle:
The ROC curves and AUC for training (orange) and testing (blue) dataset. Bottom: the
evolution of the KS test p-value during training for signal (blue) and backgrounds (orange).
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Figure 5.11: Training metrics for Resolved (top) and Boosted (bottom) categories. Left: The AUC. Right:
the log loss. No divergence between training curves (blue) and testing curves (orange) hint to
no overtraining.
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Figure 5.12: Models performances for Boosted (left) and Resolved (right) categories. Top: The DNN output
for signal and backgrounds on testing set (full lines) and training set (dashed). Middle: The
ROC curves and AUC for training (orange) and testing (blue) dataset. Bottom: the evolution
of the KS test p-value during training for signal (blue) and backgrounds (orange).
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7 background estimation

In this section, the agreement between data and MC is evaluated in two control
regions for the two major background contributions (DY+jets and top processes)
defined by the V-jet(s) mass, the flavor of the two leptons, and the requirements on
the b tagging. Data are compared to background estimates year by year, showing
a good agreement in shape and normalization. The definition of the two control
regions and the signal region is reported in Figure 5.13. At the end of this section,
we present the non-prompt background estimation procedure.

Figure 5.13: A pictorial representation of the variable used for the definition of the signal and background
enriched regions.

7.1 dy+jets background

The most significant background is due to irreducible DY+jets production. The
phase space for checking the agreement of our MC predictions with the data is
defined with the same cuts of the SR, but reverting the selection on the V-jet(s)
mass, i.e. requiring mV < 65 GeV or mV > 105 GeV. Figures 5.14, 5.15 and 5.16
show the relevant variables for the analysis in data and MC spectrum for the 2016,
2017 and 2018 datasets.

7.2 top background

The expected contribution of tt̄ and single-top production in the signal region is
estimated with MC simulations.

All these processes are flavor-symmetric and have a branching ratio to a pair of
leptons of a different flavor, eµ, twice as large as the branching ratio to ee. That
means the eµ mass spectrum provides an excellent probe to validate the Monte
Carlo predictions for these backgrounds. Therefore, we define a top enriched control
region by requiring pre-selected events (Table 5.6) opposite flavor in the two leptons,
a loose b-tagging of the jets, and in the region 65 < mV < 105 GeV.
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Figure 5.14: Comparison of data and MC estimate for the DY enriched control region for 2016 in the
resolved (boosted) category on top (bottom) line for four chosen kinematical variables relevant
in the analysis.

Figure 5.15: Comparison of data and MC estimate for the DY enriched control region for 2017 in the
resolved (boosted) category on top (bottom) line for four chosen kinematical variables relevant
in the analysis.
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Figure 5.16: Comparison of data and MC estimate for the DY enriched control region for 2018 in the
resolved (boosted) category on top (bottom) line for four chosen kinematical variables relevant
in the analysis.

Figures 5.17, 5.18 and 5.19 shows the relevant variables for the analysis in data
and MC spectrum for the 2016, 2017 and 2018 datasets. After having checked that
the simulations describe the sample of eµ events well, the contribution of these
backgrounds is estimated using the MC simulated sample with its cross-section,
adopting the full set of cuts of the signal region, only changing the flavor of the
leptons and b-tagging.

7.3 non-prompt background

Non-prompt background derives from the incorrect identification of pure QCD in-
teractions as prompt leptons. The contribution is almost negligible, as in the HCN
search presented in the previous chapter. The data-driven estimation is based on
the so-called "fakeable object" technique and provides a measurement of the yield
and the kinematic distributions of the non-prompt background. The control sam-
ple is defined using a looser lepton definition, to get a higher misidentification rate.
An extrapolation factor then relates background misidentified with this criteria, to
background misidentified as passing the full particle selection of the signal region.
Lepton fake (and prompt) rates are estimated using a data-driven method, as a
function of the lepton (pT , η) in a single lepton triggered sample (the details of the
technique are documented in Ref. [151]).
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Figure 5.17: Comparison of data and MC estimate for the top enriched control region for 2016 in the
resolved (boosted) category on top (bottom) line for four chosen kinematical variables relevant
in the analysis.

Figure 5.18: Comparison of data and MC estimate for the top enriched control region for 2017 in the
resolved (boosted) category on top (bottom) line for four chosen kinematical variables relevant
in the analysis.
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Figure 5.19: Comparison of data and MC estimate for the top enriched control region for 2018 in the
resolved (boosted) category on top (bottom) line for four chosen kinematical variables relevant
in the analysis.

8 treatment of systematic uncertainties

In this section, we list the systematic uncertainties implemented in this search that
are introduced as nuisance parameters in the fit to extract the signal strength. Each
uncertainty may be modeled by one or several nuisance parameters, corresponding to
specific samples. The systematic uncertainties that are uncorrelated across the years
have separate nuisance parameters for each year, while correlated uncertainties share
a nuisance parameter. We note that experimental uncertainties that are in common
with other measurements follow a standardized naming scheme to facilitate future
combinations.

We consider two types of systematic uncertainties: rate uncertainties (or "log
normal"), which only affect the normalization of a process, and shape uncertainties.
The shape uncertainties are modeled in the Combine Tool by providing variation
templates corresponding to ±1σ variations of the uncertainty. The corresponding
nuisance parameter is then used to interpolate between the nominal and variation
templates.

• Uncertainties specific to individual background processes.
– Non-prompt background: Non-prompt background is modeled by ap-

plying weights (fake factors) to a superset of signal candidate events iden-
tified by leptons passing the loose selection criteria, as described in Sec-
tion 5.7. Systematic uncertainties in fake factors arise from the limited
size of the samples used to measure them and the difference in the fla-
vor composition of the jets faking the leptons between the measurement
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sample and the signal region. The maximum deviation of the fake factors
from the nominal values are of order 5 to 10% for both sources. There is,
however, a limitation to capturing the full effect of jet flavor composition
difference with the fake factors. Therefore, a conservative 30% normaliza-
tion uncertainty is additionally assigned to the fake background prediction,
independently for each source of non-prompt background. Uncertainties on
the fake factors are uncorrelated among the three data sets.

– top, Drell-Yan, and other minor background processes: Many of
the MC simulation samples receive specific weights (either event-by-event
or overall) to better match the simulation prediction with the observation
from the collision data. These weight factors carry systematic uncertainties,
which are correlated among the three data sets.

• Uncertainties affecting all MC-based background and signal modeling. This
category mostly consists of uncertainties in MC modeling of reality. All un-
certainties under this category are uncorrelated among the three years unless
otherwise stated.

– Integrated luminosity: The uncertainty determined by the CMS lu-
minosity monitoring is 2.5%, 2.3%, and 2.5% for 2016, 2017, and 2018
data sets, respectively. The uncertainties are partially correlated among
the data sets considering the luminosity measurement schemes.

– Trigger efficiency: Trigger efficiency uncertainties are of the order of
less than 1%.

– Lepton reconstruction and identification efficiency: The lepton
reconstruction and identification efficiencies are measured with the tag
and probe method in data. To correct for the difference in the lepton
identification efficiencies between data and MC, data/MC scale factors
dependent on pT and η are applied to the MC simulation. The resulting
uncertainty in the signal region is ∼1% for electrons and ∼2% for muon.

– Muon momentum and electron momentum scale: These uncer-
tainties arise due to different detector effects and are pT and η-dependent.
Uncertainties in both the scale and resolution individually amount to ∼0.6-
1% for electrons and ∼0.2% for muons.

– Jet energy scale (JES) uncertainties: The effect of the JES uncer-
tainties are estimated by shifting the jet energy scale, and thereby pTmiss,
by ±1σ variations. The fully split set of JES uncertainties is used. The fit
templates are modified both in shape and normalization as a result of this
variation. JES uncertainties affect the rates in the signal region at the level
of ∼10%. The JES uncertainties are partially correlated between years.

– b-tagging scale factor: Uncertainties in the b-tagging scale factor are
evaluated by shifting the per-jet scale factors. The components of these
uncertainties related to theoretical modeling within the scale factor mea-
surement are correlated among the data sets, while the remainder, arising
from statistical uncertainties, are uncorrelated.
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– Pileup: Uncertainties on the amount of pileup present in the event are
assessed by varying the minimum bias cross section used to generate the
pileup distribution by ±1σ. Events are reweighted to match this alternate
distribution. Pileup uncertainties are uncorrelated between years.

– Prefiring: Uncertainty associated to the pre-firing corrections in 2016
and 2017.

• Theoretical uncertainties. All nuisance parameters associated to uncertainties
in this category are correlated among three years unless stated otherwise.

– Parton distribution function (PDF): PDF affects the distribution
shapes as well as the overall cross sections of the processes. PDF uncer-
tainties for the background processes are evaluated by reweighting the MC
simulation events with different PDF sets based on parton-level kinematics,
and then adding the resulting weights over the events in the signal region.

– Missing higher-order corrections (renormalization and factor-
ization scale): Missing higher-order terms in the perturbation series of
the cross section calculations will also affect the shapes and the overall
cross sections. For the background processes, MC simulation events are
reweighted to alternative event weights where renormalization and factor-
ization scales are varied up and down by factor 2, and the envelopes of the
varied distributions are taken as one standard-deviation variations.

– Parton shower modeling: Uncertainty in parton shower (PS) modeling
primarily affects the jet multiplicity. The PS uncertainty is evaluated using
the PS variation weights computed in Pythia 8 corresponding to the ISR
and FSR variations. The uncertainty is evaluated separately in each njet
bin.

– Underlying event modeling: Uncertainty in UE is evaluated by shifting
the respective UE tunes (CUETP8M1 for the 2016 analysis, CP5 for 2017
and 2018) of Pythia 8. This uncertainty is uncorrelated between 2016 and
the two other years because the UE tunes are different. Currently, the UE
uncertainty is parameterized as a flat value approximated from measuring
the UE variation envelope.

A summary of the nuisance parameters corresponding the experimental uncertain-
ties is reported in Table 5.13.

Since the DY+jets and top CRs are included with a simultaneous fit in the sta-
tistical analysis of the signal region, the final set of nuisance parameters included
in this measurement are the "rateParams", used to extract a background normal-
ization from a control region. The rateParam affects the background normalization
in the signal region and control region simultaneously and is allowed to float freely
in the fit. With a background-dominated, large statistics control region, the back-
ground normalization will then be constrained primarily by the control region and
applied in the signal region. Each background normalized in a control region for
each channel has a separate rateParam, indicating that these background normal-
izations are all independent. As the control regions are well-divided in kinematics,
this is a reasonable assumption to make.
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Uncertainty Nuisance Parameter Type Years Samples

Luminosity lumi_13TeV_[year] rate All, uncorrelated
lumi_13TeV_XYFact rate All, correlated
lumi_13TeV_BBDefl rate 2016-2017, correlated All

lumi_13TeV_DynBeta rate 2016-2017, correlated non-CR
lumi_13TeV_Ghosts rate 2016-2017, correlated MC
lumi_13TeV_LSCale rate 2017-2018, correlated

lumi_13TeV_CurrCalib rate 2017-2018, correlated
Trigger CMS_eff_hwwtrigger_[year] shape All, uncorrelated All
Lepton eff. CMS_eff_e_[year] shape All, uncorrelated All

CMS_eff_m_[year] shape All, uncorrelated All
Lepton scale CMS_scale_e_[year] shape All, uncorrelated All

CMS_scale_m_[year] shape All, uncorrelated All
Prefiring CMS_eff_prefiring_[year] shape 2016-2017, uncorrelated All
JES CMS_scale_JESAbsolute shape All, correlated All

CMS_scale_JESAbsolute_[year] shape All, uncorrelated All
CMS_scale_JESBBEC1 shape All, correlated All

CMS_scale_JESBBEC1_[year] shape All, uncorrelated All
CMS_scale_JESEC2 shape All, correlated All

CMS_scale_JESEC2_[year] shape All, uncorrelated All
CMS_scale_JESFlavorQCD shape All, correlated All

CMS_scale_JESHF shape All, correlated All
CMS_scale_JESHF_[year] shape All, uncorrelated All
CMS_scale_JESRelativeBal shape All, correlated All

CMS_scale_JESRelativeSample_[year] shape All, uncorrelated All

b tag

CMS_btag_jes shape All, correlated All
CMS_btag_lf shape All, correlated All
CMS_btag_hf shape All, correlated All

CMS_btag_hfstats1_[year] shape All, uncorrelated All
CMS_btag_hfstats2_[year] shape All, uncorrelated All
CMS_btag_lfstats1_[year] shape All, uncorrelated All
CMS_btag_lfstats2_[year] shape All, uncorrelated All

CMS_btag_cferr1 shape All, correlated All
CMS_btag_cferr2 shape All, correlated All

Top background singleTopToTTbar shape All, correlated Top
Top pT topPtRew shape All, correlated Top
Parton Shower PS_ISR rate All, correlated main bkg

PS_FSR rate All, correlated All
Underlying Event UE_whss rate All, correlated All

Table 5.13: Nuisance parameters used to model main experimental uncertainties.
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9 statistical interpretation of the results

In this section we present the results of the statistical analysis, comparing the two
methods shown in Sections 5.5.2, and 5.6. We recall that the analysis is blind in
the signal region, and thus we can just perform an estimation of the statistical
significance for the measurement of the ZVjj VBS EW process. The significance of
a result is calculated using the ratio of profiled likelihoods, one in which the signal
strength is set to 0 and the other in which it is free to float:

−2 ln
[︂
L
(︂

data | r = 0, θ̂0
)︂

/L( data | r = r̂, θ̂)
]︂

, (5.3)

where the nuisance parameters are profiled separately for r = r̂, and r = 0. For a
fast estimate we work within the so-called Asymptotic approximation [170] for the
distribution of this test-statistic, after having checked that our input distributions
respect the fundamental requirements of Wilke’s theorem. To take into account the
contribution of the main background, we perform a simultaneous fit of the DY and
top control regions.

We now show the results of the expected statistical significance for the year 2018
by comparing the cut-based approach presented in Section 5.5.2 to the DNN ap-
proach of Sec. 5.6. Within the cut-based approach, the significance is extracted by
comparing several kinematical distributions. The highest performance in terms of
statistical significance is obtained using the invariant mass of the two VBS-jets in
the event, shown in Fig. 5.20. For the multivariate approach, once the training is
satisfying, and statistical analysis is performed (for the moment we present the re-
sults only with the DNN), we evaluate the agreement for the distributions of the
DNN output for MC and Data in control regions (Figure 5.21). The significance
is then extracted in the same way by comparing the distributions of the output for
SR and CR combined, for each topology. The summary of the results is presented
in Table 5.14: the improvement given by the DNN techniques is evident. To con-
clude, Table 5.15 reports the estimate of the statistical significance with the DNN
approach for the Full Run 2 statistics. It is worth noticing that some of the main
systematics (including JER, JES, and QCD scale) are not included in this estimate.

Significance (σ) Boosted Resolved Combined
DNN 1.11 2.12 2.38

Cut-based 0.85 1.25 1.51

Table 5.14: Expected significance on datasets for the "DNN" and the "cut-based" approach: we split into
"boosted", "resolved" and the combination of the two categories. For the moment this results
include only a subset of all the systematic uncertainty of the analysis: Luminosity, Trigger,
Lepton efficiency and energy scale, Prefiring, b tag, UE, PS, PDF, and theoretical uncertainties
on top momentum.
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Figure 5.20: Distributions of invariant mass of the VBS-jets mjj in the resolved (top line) and boosted
(bottom line) signal region for 2017 on the left, and 2018 on the right. VBS ZVjj signal is both
stacked and superimposed to underline the high-mass region sensitivity. Error bands account
for both statistical and systematic uncertainties. The SR is still blind to data samples, and
the plots refer to the SR, as presented in Sec. 5.5.2.

Significance (σ) Boosted Resolved Combined
2016 0.4 0.67 0.77
2017 0.73 1.06 1.21
2018 1.11 2.12 2.38

Combined 1.39 2.45 2.77

Table 5.15: Expected significance on the Run 2 data taking, considering the three years separated and
combined (last line): we split into "boosted", "resolved" and the combination of the two cate-
gories. For the moment this results include only a subset of all the systematic uncertainty of
the analysis: Luminosity, Trigger, Lepton efficiency and energy scale, Prefiring, b tag, UE, PS,
PDF, and theoretical uncertainties on top momentum.
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Figure 5.21: Comparison in log scale of data and MC estimate for DNN output variable in DY CR (left),
top CR (right). First line: resolved category. Second line: boosted category. Except for the
overall normalization, the agreement looks mostly flat across the range.
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10 summary of the results

In conclusion, we have presented the very search for the VZ bosons O(α6) elec-
troweak production, where V is the vector boson decaying hadronically (V=W, Z)
and Z decays in charged leptons (e, µ), plus two jets in proton-proton collisions at
13 TeV. The data correspond to an integrated luminosity of 136 fb−1 collected by
the CMS detector from 2016 to 2018. We have highlighted the potentiality of the
introduction of multivariate techniques on the measurement and analyzed in detail
two different approaches: a BDT and a DNN. The statistical significance of the full
Run 2 LHC dataset is reported for the ZV EW O(α6) SM signal using a Deep
Neural Network technique: an optimistic estimate points to a statistical significance
of 2.77 σ.
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6
F U T U R E C O L L I D E R S S T U D I E S

In this chapter, we comment on the post-LHC era, and we test the discovery po-
tential for new physics choosing as benchmark the search for composite Majorana
neutrinos presented in Chapter 4. We start with a short review of the timeline of the
LHC upgrade steps in Section 6.1, and we then present in Section 6.2 the main char-
acteristics of novel CMS Phase 2 detector, that will operate in the High-Luminosity
LHC. We then examine in detail a projection study performed within the CMS Col-
laboration using simulated samples within High-Luminosity LHC (HL-LHC) and
High-Energy LHC (HE-LHC) colliders conditions. We conclude with a glance at
the high-energy frontier of the Future Circular Collider (FCC) in Section 6.3. We
present phenomenological studies at the hadron-collider option, the FCC-hh, for
the composite Majorana neutrinos, and we point out how this 100 TeV machine will
be able to access for the first time a phase space favored by the observed baryon
asymmetry of the Universe.

1 lhc in the future: hl/he-lhc and fcc

Figure 6.1: The timeline for the planned HL-LHC and LHC operations.

After the Long Shutdown 2 (LS2), the LHC is about to restart operations at in-
creased center-of-mass energy,

√
s = 14 TeV, beginning the so-called Run 3. The

general-purpose experiments will collect approximately double of the Run 2 statis-
tics, trying to maximize the actual detector acceptance to new physics and precision
measurements through hardware innovations and new searching techniques. After
three years of data taking, and another time slot for installation procedures (LS3),
the LHC will be giving-way to the HL-LHC phase, which should eventually deliver
3 ab−1 of integrated luminosity. All the LHC main experiments involved in Phase
2 will undergo a series of upgrades to be able to profit from such an extreme lumi-
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nosity scenario. We will see in the next Section the description of the main feature
of the CMS Phase 2 detector.

While the current priority lies in profiting from this experimental program, some
effort should also be devoted to the design of future colliders, planning the investi-
gation of the energy frontier on the timescale of several decades. This may well be
premature: the next Run 3 and Phase 2 could radically change the situation should
new particles be discovering, in which case the priority would be on characterizing
their properties and nature. However, an assessment of future colliders’ capabilities
based on the current theoretical understanding and experimental status might still
be a useful exercise. Proposed future machines come in two main categories: lepton
colliders, like the ILC [171], CLIC [172], FCC-ee [173], and hadron, such as the
HE-LHC [174] of the FCC-hh [175] colliders, which will search for new physics from
complementary sides.

Lepton colliders are more suited to perform precision measurements, targeting
indirect searches, while hadron colliders push the energy domain of the machine,
aiming for the direct production of heavy new particles beyond the present reach.

2 the cms phase-2 detector

In this section, we present the main features of the CMS upgrade detector, that will
become operational for the CERN High-Luminosity LHC (HL-LHC) phase. The
HL-LHC is expected to deliver a peak instantaneous luminosity of up to 7.5 × 1034

cm−2 s−1 [176], which is an increase in instantaneous luminosity of about four times
with respect to the LHC Run 2 performance. With this increase in instantaneous
luminosity, the number of overlapping proton-proton interactions per bunch crossing,
or pileup (PU), are expected to increase from its mean value of about 40 at the LHC
to a mean value of up to 200 at the HL-LHC. Similarly, the levels of radiation are
expected to significantly increase in all regions of the detector, in particular in its
forward regions.

The CMS detector [95] will be substantially upgraded in order to fully exploit
the physics potential offered by the increase in luminosity, and to cope with the
demanding operational conditions at the HL-LHC [177–181]. In particular, in order
to sustain the increased PU rate and associated increase in flux of particles, the
upgrade will provide the detector with: higher granularity to reduce the average
channel occupancy, increased bandwidth to accommodate the higher data rates,
and improved trigger capability to keep the trigger rate at an acceptable level with-
out compromising physics potential. The upgrade will also provide an improved
radiation hardness to withstand the increased radiation levels.

The upgrade of the first level hardware trigger (L1) will allow for an increase of L1
rate and latency to about 750 kHz and 12.5 µs, respectively. The upgraded L1 will
also feature inputs from the silicon strip tracker, allowing for real-time track fitting
and particle-flow reconstruction [182] of objects at the trigger level. The high-level
software trigger (HLT) is expected to reduce the rate by about a factor of 100 to
7.5 kHz.

The entire pixel and strip tracker detectors will be replaced to increase the gran-
ularity, reduce the material budget in the tracking volume, improve the radiation
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hardness, and extend the geometrical coverage and provide efficient tracking up to
pseudorapidities of about |η| = 4. In addition, the tracker will provide information
on tracks above a configurable transverse momentum threshold to the L1 trigger,
information presently only available at the HLT. It will also allow for including
tracks with low momentum (≈ 2GeV).

The muon system will be enhanced by upgrading the electronics of the cathode
strip chambers (CSC), resistive plate chambers (RPC) and drift tubes (DT). New
muon detectors based on improved RPC and gas electron multiplier (GEM) tech-
nologies will be installed to add redundancy, increase the geometrical coverage up
to about |η| = 2.8, and improve the trigger and reconstruction performance in the
forward region.

The barrel electromagnetic calorimeter (ECAL) will be operated at lower temper-
atures to mitigate noise in avalanche photodiodes (APDs) due to radiation damage.
Its upgraded front-end electronics will be able to exploit the information from sin-
gle crystals at the L1 trigger level, to accommodate trigger latency and bandwidth
requirements, and to provide an increased sampling rate of 160 MHz and high-
precision timing capabilities. The hadronic calorimeter (HCAL), consisting in the
barrel region of brass absorber plates and plastic scintillator layers, will be read out
by silicon photomultipliers (SiPMs).

The endcap electromagnetic and hadron calorimeters will be replaced with a new
combined sampling calorimeter (HGCal) that will provide coverage in pseudorapid-
ity from about |η| = 1.5 up to |η| = 3. The new calorimeter will be based on a
lead tungsten followed by stainless steel absorber with silicon sensors as the active
material in the front section, and it will feature plastic scintillator tiles readout by
SiPMs towards its back section at large distances from the beam. It will provide
highly-segmented spatial information in both transverse and longitudinal directions,
as well as 160 MHz sampling allowing high precision timing capability for photons,
which will allow for improved PU rejection and identification of electrons, photons,
tau leptons, and jets.

Finally, the addition of a new precision timing detector for minimum ionizing
particles (MTD) in both the barrel and endcap regions is envisaged to provide the
capability for 4-dimensional reconstruction of interaction vertices that will signifi-
cantly offset the CMS performance degradation due to high PU rates. The MTD is
expected to achieve timing resolution of about 30 to 40 ps, and will provide coverage
up to pseudorapidities of about |η| = 3.

A detailed overview of the CMS detector upgrade program is presented in Ref. [177–
181]. The expected performance of the reconstruction algorithms and PU mitigation
with the CMS detector is summarised in Ref. [183].
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Figure 6.2: Comparison between production cross section of a heavy composite Majorana neutrino with a
SM lepton for

√
s = 13 TeV, 14 TeV, and 27 TeV. The composite scale Λ is 12 TeV.

2.1 search for heavy composite majorana neutrinos at the
high-luminosity and the high-energy lhc

In this part, the sensitivity of a search for Majorana neutrinos with the CMS Phase-
2 detector in a final state with two leptons and at least one large-radius jet is
investigated. Such new particles arise in theories beyond the standard model with
compositeness. The study is based on searches previously performed with Run 2
CMS data in 2015 [42], where no evidence for a signal was found. We will show how
the HL-LHC, with a center-of-mass energy of 14 TeV and an integrated luminosity
of 3 ab−1, will allow an extension of the sensitivity to cross-sections of the order of
a few ab for heavy neutrino masses M(Nℓ) ranging from 3 to 9 TeV for the ℓℓqq̄′

channel, where ℓ is an electron or a muon, and q is a quark. For the compositeness
scale Λ = M(Nℓ), the existence of a heavy Majorana neutrino could be excluded
for masses up to 8 TeV at the 95% confidence level. The projection of the study to
the High-Energy LHC (HE-LHC) scenario, with a center-of-mass energy of 27 TeV,
is also presented here.

We have seen in Chapter 1.3, how many scenarios beyond the SM (BSM) sug-
gest that the dynamics of new physics at high energies may be represented by an
effective theory of higher-dimensional operators, with new degrees of freedom. We
also presented in detail the compositeness of ordinary fermions as one possible BSM
scenario that may lead to a solution of the hierarchy problem or the explanation of
the proliferation of ordinary fermions [54, 57,106,184–186]. Here, we propose again
the collider exploration for one such composite particle, a heavy Majorana neutrino
Nℓ. The interactions involving this resonance have already been presented in detail
for the Full Run 2 analysis treated in Chapter 4. The only sizeable difference comes
from the 1 TeV center-of-mass energy gain we will have at the HL-LHC, as shown
in Figure 6.2.
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Figure 6.3: Comparison between the unitarity bounds for three different collider hypotheses: the LHC
(blue line), the HL-LHC (purple line) and the HE-LHC (orange line). The 100% unitarity
curves are considered, as explained in detail in Sec. 2.2.

The other details, such as the topology of the event or the ruling production
mechanisms, remain unaltered. Hence, we will not repeat all the features of this
model but only linger on the time scale of this CMS publication to emphasize the
state of the art of this framework at the time of study we are presenting. This
simulation study comes after the 2015 Run 2 publication for the search with heavy
composite Majorana neutrino in di-lepton di-jet channel with 2015 data [42], but a
year before the beginning of the Full Run 2 effort (Chapter 4), and more importantly,
before the phenomenological studies on perturbative unitarity bounds in composite
models 2.2. Therefore, the results will take the 2015 publication as a benchmark
and do not directly include any consideration on the unitarity bounds. Nonetheless,
the findings on unitarity violation will not spoil the validity of the HL/HE-LHC
results. Indeed, if we compare the unitarity bounds for the three different collider
scenarios in Figure 6.3, we can see that the bound remains stable from 13 TeV to
14 TeV. On the other hand, the enhancement in terms of statistics from LHC to
HL-LHC allows a wider exploration of the (Λ,M) phase space, keeping the results
safe from EFT ambiguous interpretations.

2.2 simulated samples

We use Monte Carlo (MC) samples for the signal and the SM backgrounds. The
MC samples for the signal are generated at Leading Order (LO) with CalcHEP
(v3.6) [83] for

√
s = 14 TeV proton-proton collisions, using the NNPDF3.0 LO

parton distribution functions with the four-flavor scheme [84], for the Λ and mass
values given in Table 6.1. Regarding the choice of background samples, the list of
major background processes in Run 2 analysis has been considered. The dominant
background process is top quark pair production (tt̄) which is estimated together
with the single top quark (tW) contribution. These two sources of background are
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Λ [TeV ] M (Nℓ) [TeV ]

6 - - 6 -
9 - 3 6 9
12 0.5 3 6 9
15 0.5 3 6 -
18 0.5 3 - -
21 0.5 - - -

Table 6.1: Parameters used in the HL-LHC analysis, ℓ = e,µ.

always considered together in this analysis and the combination is referred to as
"TTtW". The Drell-Yan (DY) process gives rise to another source of background
when two leptons are produced together with initial-state radiation that results in
a jet. Other SM background sources such as W+jets and diboson production (WW,
WZ, ZZ) are small (∼ 5% of the total) and will be referred to as ”Other”. The
background samples are generated with MadGraph5_aMC@NLO [187] using the
CTEQ6L1 PDF set [188].

For all of the MC samples the hadronization of partons is simulated with pythia
8 [189] and the expected response of the upgraded CMS detector with the fast-
simulation package DELPHES [190]. The object reconstruction and identification
efficiencies, as well as the detector response and resolution, are parameterized in
Delphes using the detailed simulation of the upgraded CMS detector based on the
Geant4 package [160,191]. The contribution from 200 additional pileup events has
been included in the simulation as well.

The list of the samples for the signal points and for the backgrounds is reported
in Table 6.2.

2.3 simulation objects and event selection

Final state objects are reconstructed by the particle flow (PF) algorithm [192] as
implemented in Delphes. The PF algorithm combines information from all CMS
subdetectors and reconstructs individual particles in the event such as electrons,
muons, photons, neutral hadrons, and charged hadrons.

The event selection of the present analysis is based on exploiting some specific
kinematic features of the leptons and the large-radius jet in the signal samples to
minimize the contamination from the SM backgrounds.

The transverse momentum pT of the leading lepton is required to be greater
than 110 GeV, while the pT of the subleading lepton must be greater than 40 GeV
(Figure 6.4). All lepton candidates are required to be in the pseudorapidity range
|η| < 2.4. Restricting to the high-mass region given by M(ℓ, ℓ) > 300 GeV, where
M(ℓ, ℓ) is the dilepton invariant mass, allows reducing the DY background and part
of the TTtW background, without affecting the signal acceptance.

An overview of the main kinematical distributions for both the channels, for sig-
nal sample events passing the selection, is displayed in Fig.6.5. The large-radius
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Dataset σ (pb)
Signal samples

/ExtendedWeakIsospinModel_*jj_L6000_M6000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 1.610−1

/ExtendedWeakIsospinModel_*jj_L9000_M3000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 1.57
/ExtendedWeakIsospinModel_*jj_L9000_M6000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 3.1610−2

/ExtendedWeakIsospinModel_*jj_L9000_M9000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 2.0510−4

/ExtendedWeakIsospinModel_*jj_L12000_M500_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 1.110
/ExtendedWeakIsospinModel_*jj_L12000_M3000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 4.9610−1

/ExtendedWeakIsospinModel_*jj_L12000_M0000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 9.9910−3

/ExtendedWeakIsospinModel_*jj_L12000_M9000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 9.2910−5

/ExtendedWeakIsospinModel_*jj_L15000_M500_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 4.46
/ExtendedWeakIsospinModel_*jj_L15000_M3000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 1.910−1

/ExtendedWeakIsospinModel_*jj_L15000_M6000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 4.110−3

/ExtendedWeakIsospinModel_*jj_L18000_M500_nnpdf30lo_14TeV_CMS_22000PU_PhaseII.root 2.14
/ExtendedWeakIsospinModel_*jj_L18000_M3000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 7.710−2

/ExtendedWeakIsospinModel_*jj_L21000_M000_nnpdf30lo_14TeV_CMS_200PU_PhaseII.root 1.16
Background samples

"TTtW" tt-4p-0-600-v1510_14TEV_200PU/ 530.89
tt-4p-600-1100-v1510_14TEV_20200PU/ 42.5535
tt-4p-1100-1700-v1510_14TEV_200PU/ 4.48209
tt-4p-1700-2500-v1510_14TEV_200PU/ 0.52795
tt-4p-2500-100000-v1510_14TEV_200PU/ 0.05449

tB-4p-0-500-v1510_14TEV_200PU/ 63.889
tB-4p-500-900-v1510_14TEV_200PU/ 7.12172
tB-4p-900-1500-v1510_14TEV_200PU/ 0.98030
tB-4p-1500-2200-v1510_14TEV_200PU/ 0.08391
tB-4p-2200-100000-v1510_14TEV_200PU/ 0.00953

"DY" LL-4p-0-100-v1510_14TEV_200PU/ 1341.36
LL-4p-100-200-v1510_14TEV_200PU/ 156.295
LL-4p-200-500-v1510_14TEV_200PU/ 42.401
LL-4p-500-900-v1510_14TEV_200PU/ 2.84373
LL-4p-900-1400-v1510_14TEV_200PU/ 0.20914
LL-4p-1400-100000-v1510_14TEV_200PU/ 0.02891

"Other" BB-4p-0-300-v1510_14TEV_200PU/ 249
BB-4p-300-700-v1510_14TEV_200PU/ 35.2
BB-4p-1300-2100-v1510_14TEV_200PU/ 0.412
BB-4p-2100-100000-v1510_14TEV_200PU/ 0.0477

Bjj-vbf-4p-0-700-v1510_14TEV_200PU/ 86.456
Bjj-vbf-4p-700-1400-v1510_14TEV_200PU/ 4.3486
Bjj-vbf-4p-1400-2300-v1510_14TEV_200PU/ 0.32465
Bjj-vbf-4p-2300-3400-v1510_14TEV_200PU/ 0.03032

Table 6.2: List of samples with their path in the storage and their cross sections. Signal samples path is
referred to the main folder "/YR_Delphes/Delphes_342pre12/ExtendedWeakIsospin_200PU".
Background samples paths are referred to "/DelphesFromLHE_342pre05hadd_2017Aug/".

jets, i.e. clustered with a size parameter R = 0.8 ("AK8 jets"), are reconstructed
using the anti-kT algorithm [193], implemented in the FastJet package [194]. The
large-radius jets are analyzed using the Pileup-per-particle-identification (PUPPI)
mitigation algorithm [163]. This algorithm is designed to remove PU using event
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Figure 6.4: Details of the kinematical distribution for transverse momenta of the two electrons.

information both at the global and local level, identifying pileup at the particle
level. The AK8 jets are required to have a minimum pT of 200 GeV, to be within a
pseudorapidity region with |η| < 2.4 and to be separated from leptons by a distance
∆R =

√︂
(∆η)2 + (∆ϕ)2 > 0.8. The process under consideration has a fairly central

distribution of its final state particles. A study of the effect of increasing the pseudo-
rapidity acceptance for the final state objects, made possible by the Phase-2 CMS
detector upgrade, has shown that the increased background contribution would spoil
the advantage given by the larger efficiency, lowering the overall sensitivity. Hence
the more central selection, |η| < 2.4, has been kept for both leptons and large-radius
jets (see Figure 6.6). . Requiring one or more large-radius jets is suitable regardless
of whether Nℓ decays through gauge or contact interactions. In fact, for gauge medi-
ated decays of the heavy composite neutrino, the two quarks are expected to overlap
and thus form a large-radius jet, while in the case of contact-mediated decays, the
two quarks are well separated, but form two large-radius jets because of the overlap
with final state radiation. The signal region is therefore defined by requiring two
same-flavor isolated leptons (electrons or muons) and at least one large-radius jet
(Figures 6.7, 6.8).

With this selection, the total efficiency for the signal is about 55% in the eeqq̄′

channel and 65% in the µµqq̄′ channel, for heavy neutrinos with masses greater than
3 TeV.

A shape-based analysis is performed investigating the invariant mass, M(ℓℓJ),
of the two leptons and the leading large-radius jet. As shown in Fig. 6.11 and
commented in detail in Chapter 4, this variable provides a good discrimination
between the signal and the SM backgrounds.

We finally discuss the choice of a charge-blind analysis instead of a selecting same-
sign leptons. Naively, asking a same-sign strategy would improved the sensitivity
to the presence of a Majorana neutrino. However, our studies show a small gain
limited to the low heavy neutrino mass region (Figure 6.12).
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Figure 6.5: Main kinematical distributions for the reference composite scenario Λ = 12 TeV and M(Nl) =
0.5 TeV, M(Nl) = 3 TeV and M(Nl) = 6 TeV for the eeqq̄′ channel (first two rows) and µµqq̄′

channel (last two rows).
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acceptance offered by the CMS Phase 2 detector, are described in Ref. [195].
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Figure 6.8: Left: distribution of the smallest ∆R between the two AK4 jets j1 and j2, decaying from the
heavy composite Majorana neutrino, for signal samples with parameters Λ = 12 TeV and
M(Nl) = 0.5 TeV, M(Nl) = 3 TeV and M(Nl) = 6 TeV. Centre: multiplicity distributions of
the fat jets (AK8) given the same signal parameters. Right: multiplicity distributions of the
AK4 jets.
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2.4 treatment of systematic uncertainties at the hl-lhc

In this section we try to asses the impact of systematic uncertainties on a future
search for heavy composite Majorana neutrinos at the HL-LHC. We follow the gen-
eral prescription defined in Ref. [196], extrapolating the expected effect for each
systematic source starting from the reference Run 2 search published with 2015
Run2 data [42]. Table 6.6 presents the list of main systematic uncertainties for the
analysis, in comparison with the Run 2 search.
All systematic effects apply the same method for signal and background samples
and consider fixed values for all the mass spectrum. To be as consistent as possible
with the UPSG recommendations, we have adopted this reasonable simplification,
further justified considering that the effect of systematics on the analysis is not
dominant, as can be seen from the results in the next section when we consider the
special case of forcing to zero the systematic contributions.
One of the systematic contributions that requires a more detailed description is the
one associated to the background estimate methods. In the 2015 Run 2 analysis
this systematics contribution ("background") is evaluated using a control sample,
which is limited by data statistics and scale factors that are limited by data and
MC statistics1.
The relation used for the systematic estimate is: BKGSR = BKGCR × w, where
BKGCR is the background in a given control region, and w is a weight used
to normalise BKGCR to the signal region. Therefore, the systematic error reads:√︂
(δBCRw)2 + (BCRδw)2, obtained bin by bin.
In the case of the Phase 2, analysis we have considered two options. In the first

one (v1), we rescale only the uncertainties related to the data to the 3 ab−1 value.
In this example this scaling would affect only the number of events in the BKGCR.

In the second case (v2), we follow the prescription in [196] more tightly and
bring all the uncertainties related to MC statistics to zero. In this case also the
uncertainty on the other components of the formula would go to zero. In Table. 6.4
are reported the values of the systematic uncertainties obtained in the different
bins of the invariant mass M(ℓℓJ) and for the two main background components.
The total uncertainty is obtained with a weighted sum of these contributions, see
Table.6.5.

We would like to report here two possible scenarios for the "Background" system-
atic estimation at the HL-LHC:

• "HL sys v1": 5.9 % , scaling only the data related quantity BKGCR to the
luminosity;

• "HL sys v2": 0.3 %, scaling BKGCR to the luminosity and considering the MC
uncertainty to be zero.

The projections in the next section are shown considering mainly the most opti-
mistic scenario ("HL sys v2").

1 For more details see the description regarding the Run 2 analysis in AN-2016-096, lines 351-357.
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Source (HL-LHC) Value Obtained from (Run 2) Value
Sig (Bkg)

Luminosity 1 UPGAnalysisSystematics 2.7 (2.7)
Pile-up 2 UPGAnalysisSystematics 2 (4)
Electron ID 0.5 UPGAnalysisSystematics 2 (1)
Electron scale 0.5 UPGAnalysisSystematics - (2)
Muon ID 0.5 UPGAnalysisSystematics 2 (3)
Muon scale 0.5 UPGAnalysisSystematics - (2)
Jet Energy Scale 1 UPGAnalysisSystematics 0.4 (2)
Jet Energy Resolution 1 UPGAnalysisSystematics 1 (3)
Background 0.3 (6) EXO-16-026, v2(v1) - (15)
Drell-Yan theory 4 EXO-16-026, scaled by 0.5 - (8)

Table 6.3: List of systematic uncertainties used in the present analysis in percentage, compared to the
systematic uncertainties adopted by the Run 2 [197] analysis for the eeqq channel in the last
column.

TTtW
bin content (Run 2) {0, 0, 5.34763, 14.4046, 9.09282, 12.8957, 2.88059, 0, 0}

Run 2 sys {0, 0, 24.727, 15.6224, 20.6516, 18.4183, 45.6614, 0, 0}
HL sys v1 {0, 0, 7.03097, 4.02197, 4.03945, 5.02422, 10.0764, 0, 0}
HL sys v2 {0, 0, 0.659216, 0.419777, 0.563178, 0.492744, 1.23843, 0, 0}

DY
bin content (Run 2) {0, 0, 0.796066, 8.13157, 8.07128, 8.28951, 3.39201, 0.751095, 0.074165}

Run 2 sys {0, 0, 46.9726, 13.4199, 12.3129, 10.4141, 13.2238, 17.9083, 38.0802}
HL sys v1 {0, 0, 46.9309, 13.2734, 12.1531, 10.2247, 13.0751, 17.7988, 38.0288}
HL sys v2 {0, 0, 0.05, 0.05, 0.05, 0.05, 0.05, 0.05, 0.05}

Table 6.4: Details of the "Background" systematic uncertainty derivation. Two methods for rescaling sys-
tematic uncertainty are presented: "HL sys v1" is obtained by scaling BKGCR to the luminosity;
"HL sys v2" is obtained by scaling BKGCR to the luminosity and considering the MC uncer-
tainty to be zero. The weighted average according to the bin content is shown in Table 6.5.

HL sys v1 HL sys v2
TTtW 5 % 0.5 %
DY 13 % 0.01 %
TTtW ⊕ DY 5.9 % 0.3 %

Table 6.5: The weighted average according to the bin content for the two scenarios: for the TTtW and DY
backgrounds considered independently and togheter with the squared weighted sum (last row).
We note that the weight due to the DY is about 0.4, whether the TTtW is about 0.6.
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2.5 results

Figure 6.11 shows the distribution of the variable M(ℓℓJ) for both the SM back-
grounds and the signal for a particular benchmark choice of the model parameters,
namely Λ = M(Nℓ) = 6 TeV. The expected discovery sensitivity of a heavy compos-
ite Majorana neutrino, produced in association with a lepton, and decaying into a
same-flavor lepton and two jets, is shown in Figure 6.13. The CMS Phase-2 detector
will be able to find evidence for a composite neutrino with mass below M(Nℓ) = 7.6
TeV. Expected exclusion limits on the mass of the heavy neutrino are also evalu-
ated. An asymptotic CLs criterion [170, 198] is used to set an upper limit at 95%
confidence level on the cross section of the heavy composite Majorana neutrino
produced in association with a lepton times its branching fraction to a same-flavor
lepton and two quarks, σ(pp → ℓNℓ) × B(Nℓ → ℓqq̄′). The M(ℓℓJ) distributions
from MC simulations of signal and SM backgrounds are used as input in the limit
computation together with the systematic uncertainties, summarized in Table 6.6,
as discussed in the previous Section. The impact of systematic effects is negligible
and, for high neutrino masses, the analysis is only statistically limited, as emerges
from the comparison with limits extracted considering only statistical uncertainties
in Fig. 6.14. The results are presented in Fig. 6.15 for the eeqq̄′ channel and for
the µµqq̄′ channel for different values of the compositeness scale: Λ = 12, 24, 35
TeV and Λ = M(Nℓ). Figure 6.16 displays the corresponding upper limits on the
(Λ,M(Nℓ)) plane for both of the final states considered. The extrapolation is simi-
lar for the two channels. We see that the sensitivity to Λ is higher at low neutrino
masses, reaching the exclusion of Λ = 35 TeV at M(Nℓ) = 0.5 TeV and decreases
at higher Nℓ masses. For the representative case Λ = M(Nℓ), while in the analysis
of Run 2 data it was possible to exclude heavy neutrino masses up to 4.60 (4.70)
TeV in the eeqq̄′ (µµqq̄′) channel [42], under planned HL-LHC conditions this limit
would be extended to 8 TeV.

Source Value
Integrated luminosity 1%
Pileup 2%
Electron ID 0.5%
Electron scale 0.5%
Muon ID 0.5%
Muon scale 0.5%
Jet energy scale 1%
Jet energy resolution 1%
Background 0.3%
Drell-Yan (theory) 4%

Table 6.6: List of systematic uncertainties used in the present analysis.
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Λ < M(Nℓ) not allowed by the model.
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2.6 prospects for the he-lhc

In this section we extend the study presented above to the HE-LHC, which is
projected to reach a centre-of-mass energy of 27 TeV and an integrated luminosity
of 15 ab−1.

The MC simulation samples for the signal are generated at Leading Order (LO)
with CalcHEP (v3.6) [83] for

√
s = 27 TeV proton-proton collisions, using the

NNPDF3.0 LO parton distribution functions with the four-flavor scheme [84]. The
signal samples are generated for both the eeqq̄′ and µµqq̄′ channels for the following
choice of parameters: Λ = 10, 100 TeV for M(Nℓ) = 0.5, 5, 10 TeV, Λ = 25, 50
TeV for M(Nℓ) = 0.5, 5, 10, 12.5, 15 TeV, and Λ = M(Nℓ) ∈ [3, 18] TeV. The
main background sources considered are the top quark pair production, Drell-Yan
(DY) process, vector boson+jet and diboson production, and are provided by the
Future Circular Collider group. For both signal and background samples the parton
hadronization is treated with pythia 8 and the response of the detector (assumed
to perform the same as the CMS Phase-2 detector) with Delphes.

In the spirit of a projection study, the event selection criteria remain identical to
those of the HL study described in Section 6.2.3.
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Figure 6.17: Distribution of the invariant mass of two leptons and leading large-radius jet of backgrounds
and three signal samples for the eeqq̄′ channel (left) and µµqq̄′ channel (right) for the HE-LHC.
The error bands are given by the combination of systematic and statistical uncertainties.

The expected discovery sensitivity and the exclusion limits are extracted using
the M(ℓℓJ) variable shown in Fig. 6.17. According to the prescriptions given in
Ref. [196], the systematic uncertainties are those listed in Table 6.6. Figure 6.18
shows that with the HE-LHC we could find evidence for a composite Majorana
neutrino with mass below M(Nℓ) = 12 TeV, for Λ = M(Nℓ). Upper limits on the
production cross section times the branching fraction σ(pp → ℓNℓ)× B(Nℓ → ℓqq̄′)
are shown in Fig. 6.19 for some benchmark choices of the parameters. The projection
on the exclusion limits is also presented in Fig. 6.20 for the (Λ,M(Nℓ)) plane. We
can conclude that, given the model condition Λ = M(Nℓ), the HE-LHC could
exclude a heavy composite Majorana neutrino with mass up to 12.5 TeV in both
eeqq̄′ and µµqq̄′ channels.
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Figure 6.18: The expected statistical significance for the HE-LHC projection of the eeqq̄′ (red line) and
the µµqq̄′ (blue line) channel for the case Λ =M(Nℓ). The gray solid (dotted) line represents
5 (3) standard deviations, respectively.

2.7 summary of the results

Studies have been conducted of the expected performance at the HL-LHC and at
the HE-LHC of a search for a composite Majorana neutrino. This search has been
carried out within the CMS Collaboration considering a heavy composite Majorana
neutrino produced in association with a lepton and decaying into a same-flavor
lepton plus two quarks, with the requirement of two leptons and at least one large-
radius jet in the signal region. The HL(HE)-LHC running conditions and Phase-2
detector allow a significant extension of the parameter space that can be probed.
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much larger background expectation at 27 TeV.
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Figure 6.20: The expected 95% CL lower limits (black lines) on the compositeness scale Λ, obtained in
the analysis of the eeqq̄′ (top) and the µµqq̄′ (bottom) final states, as a function of the mass
of the heavy composite Majorana neutrino for the HE-LHC projection. The red shaded zone
highlights the excluded parameter space. The gray zones are not allowed by the model.
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3 testing leptogenesis from composite heavy neu-
trinos at he-lhc and fcc-hh

3.1 motivation and introduction to the study

In this section, we report an extract of a phenomenological study, where we have
estimated the sensitivity of future hadron colliders to heavy Majorana neutrinos
in composite models. In particular, we have found that this very high-mass and
couplings exploration is crucial for accessing the parameters space favored by the
so-called Leptogenesis mechanism. As mentioned in the first chapter, one of the
mysteries of our universe is the observed density of baryons. Since there is good
evidence that the universe is mostly made up of matter and no antimatter, the
baryon density corresponds to the cosmological matter-antimatter asymmetry. This
asymmetry is typically estimated by the ratio of the number density of baryons to
photons in the universe, determined with the measurement of the angular distribu-
tion of the temperature fluctuations of the microwave background radiation [199]:

ηB =
nB − nB̄

nγ
≃ nB
nγ

= 6.19 ± 0.15 × 10−10. (6.1)

Within the SM dynamics, starting from a matter-antimatter symmetric initial
state at high temperatures, as suggested by an inflationary phase of the very early
universe, the baryon asymmetry should be much smaller. An attractive explanation
of this anomalous ratio is the Leptogenesis mechanism proposed by Fukugita and
Yanagida [200] for the case of a light neutrino.

During the past decade, a variety of models have been developed, which make
use of the leptogenesis idea to explain the matter-antimatter asymmetry. Among
these, the decays of a heavy Majorana neutrino could generate a lepton asymmetry
which is partly converted to a baryon asymmetry via sphaleron processes. Indeed,
composite neutrinos can be produced in the thermal bath of the early universe due to
their interactions with the SM particles. The minimal requirements for a successful
generation of the matter-antimatter asymmetry, namely the Sakharov conditions,
have been investigated for both gauge and contact interactions of this model [70,
71]. The lepton number is violated by the presence of Majorana neutrinos in the
first place. Then, the out-of-equilibrium dynamics are implemented in the usual
way: inverse decays and scatterings, which tend to wash out the lepton asymmetry,
become smaller than the Hubble rate and then inefficient. Therefore, the matter-
antimatter asymmetry is effectively generated in the heavy neutrino decays and this
usually happens when the temperature drops below the heavy neutrino mass.

We have shown that a successful generation of the matter-antimatter asymmetry
can occur [71], and we have estimated the final baryon asymmetry in our model,
by solving a network of rate equations that track the composite neutrino and lep-
ton asymmetry number densities. We have studied decays and scattering processes
entering the Boltzmann equations for the gauge- and contact-interactions imple-
mentation of the effective Lagrangians. Moreover, we have compared the parameter
space of the model compatible with the observed baryon asymmetry with exclusion
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bounds from LHC, its forthcoming high-luminosity, and high-energy setting.

Since a full theoretical treatment of our results is beyond the scope of this thesis,
we report only the details of the projection study in the next part, and we comment
on the general outcome of the work.

3.2 future colliders projection

We consider the cases of two proposed high-energy colliders extending the current
energy frontier by a factor 3 to 10 larger than the LHC: the HE-LHC [201], the pos-
sible energy upgrade of the LHC facility running at 27 TeV and with an integrated
luminosity exceeding 10 ab−1 and presented in the previous section, and the FCC-
hh [175,202], a 100 TeV collider with an integrated luminosity of 15 ab−1. While for
the HE-LHC we can profit from a MC simulation study performed and validated by
the CMS Collaboration, we can try to assess the FCC-hh coverage on this model
with some extrapolation. Therefore, to understand the potentiality of the FCC-hh
machine on a future heavy composite neutrino search, we use the 95% CL exclusion
bounds on the cross-section for the di-electron di-jets process measured with 2015
Run 2 data [42] and we adopt the approach discussed in Refs. [203,204].

The procedure, that we briefly described here, consists of a series of approxima-
tions that allow simplifying the cross-section calculation of the background processes
and lies on the assumption that an upper limit on production cross section times
branching ration [σ×BR](s, L;Mρ) entirely depends on this number of background
events, specific of the signature considered in the search.

For a given collider, the number of background events at a resonance with mass
M can be simply factorized as NBkg = L · σB(M , s), and the cross section can be
written as:

σB(M , s) ∝
∑︂
i,j

∫︂ M2+∆ŝ

M2−∆ŝ
dŝ
dLij
dŝ

σ̂ij(ŝ). (6.2)

Here, the partonic cross section σ̂ij(ŝ) and the luminosity parton density

dLij
dŝ

(
√
ŝ;

√
s) =

1
s

∫︂ 1

s/s

dy

y
fi(y; ŝ)fj

(︄
ŝ

ys
; ŝ
)︄

(6.3)

are evaluated at a partonic centre of mass energy
√
ŝ and refers to a pair of partons

with indices i and j.
For a sufficiently narrow resonance (M2 ≫ ∆s2) supposed to be produced above

the weak scale, the partonic cross sections of the background is expected to scale as
σ̂ij ∝ ŝ, and thus we can reasonably simplify the integral in ŝ writing:

σB(M , s) ∝ ∆ŝ
M2

∑︂
i,j
ŝŝij

dLij
dŝ

(M , s). (6.4)

Now we have all the ingredients to extrapolate the upper limits for a certain
resonance mass point M0, at some

√
s

0 collider energy and with L0 integrated
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luminosity, to a limit on an equivalent mass M ′ for a different collider with
√
s′ and

L′. We said that the limits are considered driven by it

NBkg (s, L,Mρ) = NBkg
(︂
s0, L0,M0

ρ

)︂
(6.5)

L0 ·
∑︂
i,j
Cij

dLij
dŝ

(M0, s0) = L′ ·
∑︂
i,j
Cij

dLij
dŝ

(︂
M ′, s′

)︂
(6.6)

From this relation, we identify the relevant parton luminosity function at the 13
TeV LHC, read its value at the reference mass

√
ŝ =M0 and rescale it by the ratio

of the two luminosities L0/L′.
We note that there is some arbitrariness in the starting point of the extrapolated

exclusion curve since it depends on a re-scaling by the luminosity ratio L0/L′. All
the assumptions on which the method is based are rather strong, nonetheless, we
have profited from the available HE-LHC limits for validation for our extrapolation
to the FCC-hh. Moreover, for the present work, a rough estimate is sufficient to
have a feeling of the order of magnitude of the scales Λ that can be explored in a
future search at the FCC machine, whose specific characteristics are still unknown.

The results are shown in Fig. 6.21 where the upper limit expected by the 100 TeV
FCC-hh collider is shown together with several signal cross sections ( for the electron
channel ) generated at the Leading Order (LO) with CalcHEP with NNPDF3.1 [205]
(assuming for the model the values commonly used by the experiments, i.e. f = f ′ =
1, g⋆η = 4π and η factors equal to the unity). The upper limit on the cross-section
has been then translated to a level curves plot in the 2D space (M , Λ) in Fig. 6.22,
together with the limits reported in Section 6.2.6. For both the expected limits we
report the saturation curve of unitarity bounds, that we can see barely touch the
curves at their highest mass reach.

After the derivation of the expected exclusion limits at the forthcoming collider
facilities, we can compare them with the cosmologically preferred parameter space
for successful baryogenesis. In Figure 6.23, the expected exclusion limit are shown
for the HL-LHC, HE-LHC and FCC collider options. To make a fair comparison,
one should look at the orange level curves from the baryogenesis side since they cor-
respond to the case g2

∗ = 4π, i.e. the choice commonly used in collider simulations.
Concluding, the studies presented indicate that the FCC-hh with 15 to 30 fb−1

could provide for the first time a clear coverage on the leptogenesis favored parameter
space in the heavy composite Majorana neutrino scenario. Finally, we note that the
exclusion curves produced by CMS for the HE-LHC start at a heavy neutrino mass
of 3.5 TeV. However, extending the curve to the left we could imagine some first
overlap with orange curves also at 27 TeV. Our results underline the importance of
the energy frontier in the collider searches for the deep exploration of the Universe
through the study of the dynamics of the EW phase transition.
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Figure 6.22: The expected exclusion limits on the (Λ,M) plane for different collider scenarios: the violet
line marks the HE-LHC projection (x-axis range of the curve taken as in the official CMS
publication Ref. [80]) and the ref line the FCC-hh extrapolation of the present LHC search.
The black (dashed) line represents the saturation of the unitarity bound presented in Ref. 2
for the HE-LHC (FCC-hh) collider. The gray zone corresponds instead to the phase space
Λ < M(Ne) not allowed by the model.
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C O N C L U S I O N S

In the present Chapter, we try to summarize and show the outcomes of the main
topics touched throughout this manuscript, whose content spanned from two full
Run 2 data analyses and a search in the future colliders HL/HE-LHC performed
within the CMS Collaboration in the final state with two leptons plus jets, and
several phenomenological insights linked to the effective scenarios and unitarity vi-
olation.

The Standard Model of fundamental interactions, albeit being an incredibly suc-
cessful theory, lacks explanations for some experimental and theoretical phenomena.
Interestingly, many of these problems seem to be related to the electroweak sym-
metry breaking sector of the theory, whose dynamical generation is still unknown.
Therefore, one of the main targets of the LHC is to probe the nature of the elec-
troweak symmetry breaking. In Chapter 5, we focused on an ideal test bench for
accessing the non-Abelian gauge structure of the electroweak interactions through
quartic gauge couplings at hadron colliders: the Vector Boson Scattering process. Ex-
perimentally, VBS is a purely electroweak signature characterized by the exchange
of weak gauge bosons in association with two forward jets with large rapidity sepa-
ration and a large dijet mass. We focus on the final state with a pair of leptons plus
jets, that is still lacking any evidence by both ATLAS and CMS. This semi-leptonic
channel, ZVjj, considers a vector boson, V (V = W, Z), that decays in leptons and
the other V, that decays in quarks. This part of the thesis sets up and perform a
measurement with the full Run 2 data of the O(α6) electroweak ZVjj signal. The
semi-leptonic final state profits from the fact that the V → qq̄′ branching fraction is
much larger than the leptonic one, however, it suffers from larger background con-
tamination from other processes, such as the irreducible O(α4α2

s) QCD background
and the DY+jets processes. Two distinct categories are considered to enlarge the
signal acceptance, depending on the topology of the V hadronic decay: the "boosted
category" where we reconstruct a single object (an AK8 jet), and the "resolved cat-
egory", when two jets (AK4) are distinct. The "V-jet mass", either meaning the
boosted jet mass or the invariant mass of the two resolved AK4-jets, provides a
discriminating variable for the analysis phase space and the background estimation
with control regions.

A first rough estimate of the signal significance obtained with the simultaneous fit
of the invariant mass of the forward jets and backgrounds in control regions shows
that the ZVjj channel can reach a statistical significance of approximately 2.77 σ
for the combination of the three years.

In this search, a DNN approach for signal extraction is also investigated, and
compared to a more traditional BDT approach in Section 5.6. For both methods,
the strategy is the same: a single model is trained for each category (Boosted or
Resolved) to discriminate the signal against all backgrounds at the same time, pro-

149
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Figure 7.1: Yields of MC predictions in the 2018 signal region for the invariant mass of the two forward
jets for the boosted category (left) and the resolved category (right). VBS EW process in
red is both stacked and superimposed. Error bars account for both statistical and systematic
uncertainty. The distributions are obtained after the "cutting" selection procedure presented
in Sec. 5.5.2.

Figure 7.2: Yields of MC predictions in the 2018 signal region for the DNN output for the boosted cat-
egory (left) and the resolved category (right). VBS EW process in red is both stacked and
superimposed.

viding a binary output as a floating-point number in the [0, 1] range (Figure 7.2 for
the DNN case, with 2018 statistics).

The performances of the multivariate methods are studied in detail, and here
we can mention that a first rough estimate on the statistical significance for 2018
statistics, shows an improvement of more than 30% with respect to the "cut-based"
approach presented in Chapter 5. The promising findings in this work, together with
the most recent expected results from the semileptonic WVjj VBS search performed
in CMS [206], clearly show that the combination of WV and ZV channels could al-
low the very first observation of the VBS semileptonic process.

Besides the pure EW measurement, it is well known that the study of the VBS
process gives primary access to the non-Abelian gauge structure of the electroweak
interactions through quartic gauge couplings. Therefore, VBS analyses are sensitive
to new physics at energy scales beyond the collider’s direct reach through an EFT
description. The second step of the VBS semileptonic analysis, which is currently on-
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Figure 7.3: Yields of MC predictions in the EFT signal region for two relevant distributions: the invariant
mass of the di-boson system (left) and the transverse momentum of the sub-leading AK4 jets
(right) for 2017 Run 2 statistics.

going while we write, consists of the measurement of the aQGCs. Such an approach
consists of adding higher-dimensional operators to the SM Lagrangian:

LEFT = LSM +
∑︂
i

giOi

Λ∆i−4 , (7.1)

where gi are the so-called Wilson coefficients, Λ is the energy scale of the correction,
and ∆i ≤ 4 the dimensions of the operators, to parametrize small deviations from
the original SM prediction. Within this simpler EFT scenario, commonly adopted
by experimental collaboration, we could think of limiting our investigation by just
looking at dimension-8 operators. For our process the most relevant ones are of the
transverse type (in the Eboli et. Al. basis [149]):

OT5 = Tr [WµνW
µν ] ×BαβB

αβ

OT6 = Tr
[︂
WανW

µβ
]︂

×BµβB
αν

OT7 = Tr
[︂
WανW

µβ
]︂

×BβνB
να

OT8 = BµνB
µνBαβB

αβ

OT9 = BαµB
µβBβνB

να.

(7.2)

In this context, the VBS process, modified by anomalous quartic gauge couplings
(aQGCs), results in an enhancement of the production cross-section at large masses
of the di-boson system and high-transverse momenta, as shown in Fig. 7.3 for the
2017 luminosity.

The current most stringent limits on the Wilson coefficients have been obtained
combining the results of the WV and ZV semileptonic channels with a data sample
corresponding to an integrated luminosity of 35.9 fb−1 collected with the CMS de-
tector in proton-proton collisions at

√
s = 13 TeV [144]. With the full Run 2 data

sample, we could narrow the confidence limits on the Wilson coefficients up to a
factor of two. This can be achieved, on one hand, with the innovations to the current
analysis presented in this proposal, like the introduction of additional selection on
new topological variables (such as the Zeppenfeld variable [148]). On the other hand,
the increased statistic that is shown to reduce the systematic uncertainties, such as
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the one regarding the normalization of the dominant background source (Z+jets),
which was approximately 16%.

From a more phenomenological standpoint, it is important to note that the bounds
obtained in the semileptonic final state, while being the most stringent, are limited
to the interpretation in terms of dimension-8 operators [149]. However, the implica-
tion of perturbative unitarity bounds on EFT couplings has shown the relevance of
their inclusion in a more adequate interpretation of the experimental results. There-
fore, an important part of the project, which is still ongoing, concerns the extension
of the interpretation of aQGCs measurement in VBS ZV semileptonic in terms of
both dimension-8 and unitarized dimension-8 operators.

In preparation for these future steps of the VBS semileptonic analysis, in Chap-
ter 2 we have extensively discussed the Effective Field Theory "bottom-up" approach
to new physics, trying to emphasize a particularly delicate feature of this powerful
tool that heavily affects the interpretability of hadronic collider measurements: the
unitarity violation. Indeed, on general grounds, an effective theory is valid up to
energy/momentum scales smaller than the large energy scale that sets the operator
expansion. Since collider experiments are involving more and more energetic parti-
cle collisions, the use and the applicability of effective operators can be questioned.
We have taken the composite models, widely used in experimental research, as a
limiting case of the effective theory approach. We have highlighted the limitations
and provided a possible strategy through a joint phenomenological/experimental
effort in the calculation of unitarity limits. We presented the partial wave unitarity
bound in the parameter space of dimension-5 and dimension-6 effective operators
that arise in a compositeness scenario. These are routinely used in experimental
searches at the LHC to constraint contact and gauge interactions between ordinary
Standard Model fermions and excited (composite) states of mass M . After deducing
the unitarity bound for the production process of a composite neutrino, we imple-
ment such a bound and compare it with the recent experimental exclusion curves
for Run 2 (Figure 7.4).

Comparing the unitarity bounds, as represented by the solid violet lines in Fig-
ure 7.4, with the usual prescription of M ≤ Λ we can frame the interplay between
the two. For small values of the heavy neutrino masses (M), the unitarity bound is
more restrictive than M ≤ Λ and it shrinks the available parameter space quite con-
siderably (at least for f = 100% and 95%). On the other hand, for higher values of
the masses, the two becomes competitive. The relative importance depends on both
the collider nominal energy and event fraction f . These phenomenological findings
will have a significant impact on ongoing and future experimental searches for ex-
cited states with effective interactions. At the very least, the unitarity bounds play
the role of a collider-driven theoretical tool for interpreting the experimental results
of the considered composite models, more rigorous than the simple relation M ≤ Λ.

In Chapter 4, we have tested the same effective composite scenario in a CMS search
for new physics, based on a previous 2015 2.3 fb−1 Run 2 publication. The search
has been carried out considering a Heavy Composite Majorana Neutrino produced
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Figure 7.4: The unitarity bound in the (M , Λ) plane compared with the Run 2 exclusion at 95% CL
from [42] on the left (and from [67, 68] on the right), dashed line (blue), for the eeqq̄′ final
state signature. The solid (violet) lines with decreasing thickness represent the unitarity bound
respectively for 100%, 95%, and 50% event fraction satisfying Eq. 2.31. The dot-dashed (gray)
line stands for the M = Λ condition. Here and in the following figures both Λ and M start at
100 GeV, and the dotted (black) curve corresponds to the theoretical unitarity bound (Eq. 2.31
with ŝ = s).

in association with a lepton and decaying into a same-flavor lepton plus two quarks
and requiring two leptons and at least one fat-jet in the signal region. We have used
the 2016, 2017, 2018 dataset corresponding to an integrated luminosity of 136 fb−1

collected by the CMS detector in pp collisions at
√
s = 13 TeV. Besides being a pure

extension of a previously performed search, for the very first time, the optimization
of the analysis phase space was guided by phenomenological constraints on the
validity of the effective interactions in composite models. The constraints on the
parameter space given by the unitarity conditions on the Lagrangian of the model
presented in Sec. 4.1.1 suggested reconsidering the optimization of the signal region.
The target was not only to reach higher Heavy Composite Neutrino (HCN) masses
but also to extend the sensitivity towards higher values of Λ (and small neutrino
masses), being that region the safest to avoid unphysical predictions from the EFT
interactions of the model. We can see the effect of our optimized selection in a
comparison with the previous search analysis strategy in the explored parameter
space for a 2016 luminosity projection (Figure 7.5).

The observations are in fair agreement with the SM predictions and will be exam-
ined further as part of the future development of this data analysis. A CLs technique
is then used to extract the expected upper limits on the product of the cross-section
and branching fraction of the signal process, using the invariant mass of the two
leptons and the leading fat jet, M(ℓ, ℓ, J). The expected limits are summarized in
the 2-dimensional plane (M(N), Λ) for a comparison with the unitarity restrictions
on the parameters space. Results are shown in Fig. 7.6 for both the channels. We
can see that the accessible compositeness scale domain is almost double than that
in the 2015 search (order of 20 TeV for the full Run 2 versus the order of 10 TeV
for 2015), and the mass reach is increased by a factor of 0.5. Moreover, and most
importantly, the explored region is safe from unitarity violation in almost all the
mass range.
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Figure 7.5: Comparison on the explored parameter space with statistical extrapolation to 2016 statistics
between the present optimization and the 2015 published results analysis strategy [42]. Expec-
tations are compared with the 2016 luminosity.
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Figure 7.6: Exclusion limit for the eeqq (left) and µµqq (right) channel for the combination of the three
years of data taking, 2016, 2017, and 2018, in the 2D plane. The solid (violet) lines represent
the fraction of MC events that satisfy the unitarity condition in the EFT approximation [110]
with the various percentages considered.
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The Third Part of the thesis (Chapter 6) is dedicated to the future of the LHC,
and its successors: the HL-LHC, the HE-LHC, and the FCC.

The sensitivity of a search for heavy Majorana neutrinos with the CMS Phase-
2 detector in a final state with two leptons and at least one large-radius jet is
investigated. The study is based on the previous searches with Run 2 CMS data.
The High-Luminosity LHC (HL-LHC) with a center-of-mass energy of 14 TeV and
an integrated luminosity of 3 ab−1 will allow an extension of the sensitivity to cross-
sections of the order of a few ab for heavy neutrino masses M(Nℓ) ranging from 3
to 9 TeV for the ℓℓqq̄′ channel, where ℓ is an electron or a muon and q is a quark. For
the compositeness scale Λ = M(Nℓ), the existence of a heavy Majorana neutrino
could be excluded for masses up to 8 TeV at the 95% confidence level. The projection
of the study to the High-Energy LHC (HE-LHC) scenario, with a center-of-mass
energy of 27 TeV, is also presented here. Results are summarized in Figure 7.7.
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Figure 7.7: The expected statistical significance for the HL-LHC analysis (HE-LHC projection) on the left
(right) for both the eeqq̄′ (red line) and µµqq̄′ (blue line) channel for the case Λ = M(Nℓ).
The gray solid (dotted) line represents 5 (3) standard deviations, respectively.

Finally, we have concluded projecting the search to the highest energy likely reach-
able by the end of the century, with the FCC-hh hadron collider at 100 TeV. The
studies presented indicate that the FCC-hh with 15 to 30 fb−1 could provide for
the first time a clear cover on the leptogenesis favored parameter space in the heavy
composite Majorana neutrino scenario, pointing out the importance of the Energy
Frontier for the deep exploration of the Universe through the study of the dynamics
of the EW phase transition (Fig. 7.8).
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Figure 7.8: The orange and red bands represent the region where the observed baryon asymmetry is
reproduced. The orange lines refer to the standard choice for the effective coupling g2

∗ = 4π,
the dashed (solid) stand for sin(2ϕ) = 1 (sin(2ϕ) = 0.5).
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