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Abstract

This thesis presents an application of Machine Learning (ML) techniques to search for Heavy
Neutral Leptons (HNL) in Dg meson decays in the CMS experiment. The specific decay under
study is D — N (— ) ™, where N is the HNL and final state muons can have the same
charge, allowing for lepton number violation. The signal signature comes from the displaced
N — vertex while the background comes from accidental combination of muons and a track
into a common vertex.

This work is carried out in the context of an ongoing analysis, that relies on a cut-based
event selection, and its aim is to explore different ML approaches to improve the event selection.
The training of the ML models relies on Monte Carlo generated samples for background and
different signal mass hypotheses. These samples reproduce the data-taking condition of the
CMS experiment during 2018 Run 2 with /s = 13 TeV. Several ML models have been trained
with three different algorithms: boosted decision trees (BDT), gradient boosted decision trees
(XGB) and artificial neural networks (ANN) and their performances have been evaluated. The
best performance is obtained by the XGB algorithm.

The improvement in the event selection achieved with this ML approach translates into
higher significances, in a range from 14 to 20%, over the cut-based approach. The results of
this work show that the developed ML-based strategy is an effective contribution to the ongoing
CMS analysis.
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Introduction

The Standard Model's assumptions on massless neutrinos have been challenged by the observa-
tion of neutrino oscillations [1, 2], that show that active neutrinos are massive. The question of
how active neutrinos obtain their mass is still open [3].

One of the extensions of the Standard Model that tries to explain neutrino masses consists in
adding right-handed neutrino elds to the Lagrangian [4]. These are also called sterile neutrinos
or Heavy Neutral Leptons (HNLs), because they are singlets under Standard Model gauge
symmetries. The only possible way to observe such neutrinos is through their mixing with the
active neutrinos.

A wide range of di erent experiments have looked for signature of HNL with masses that
range from eV to TeV energy scales. No conclusive observation has been made yet, but each
experiment has set upper limits on the mixing parameter with active neutrinos [5].

This thesis work focuses on the search for Heavy Neutral Leptons from decays of tHeg
meson in the CMS experiment. The decay channel we target i® ! N (! ) *, where
N is a HNL. The nal state muons can have same sign, allowing for lepton number violation.
Among all charmed meson decays into Heavy Neutral Leptons, this has the largest branching
ratio, and it allows probing the existence of HNLs with a mass below theD¢ mass ( 2 GeV).
Currently, there are no published results on HNL searches from charmed meson decays at LHC.
This represents a clean experimental signature in the CMS experiment for HNL decaying within
the tracker system (< 1 m). The whole decay chain is fully reconstructed, and it can pro t from
excellent track and muon reconstruction performances.

The selected nal state consists of one muon emerging from th® ; meson decay vertex, and
a reconstructed displaced vertex formed by the N decay products (muon and pion). The main
background comes from accidental combinations of muons and a track into a common vertex.
This analysis is possible thanks to a large dataset that was collected by triggering on single
low-pr non-prompt muons: the B-Parking dataset [61) The B-Parking dataset was recorded at
the CMS experiment in proton-proton collisions with ~ s = 13 TeV during the 2018 data-taking
period.

This work has been carried out in the context of an ongoing analysis, where the event selection
is based on a cut-based approach [7]. The optimization process of this event selection relies on
Monte Carlo samples.

The purpose of this thesis work is to explore the usage of Machine Learning (ML) techniques
in the event selection. This includes the implementation of a common framework to be able to
make meaningful comparisons between di erent ML algorithms. The training of the ML models
uses the same MC datasets used in the cut-based approach, and the signal datasets include
di erent HNL mass hypotheses. These models are trained to discriminate the di erent HNL
signatures against the background. After the training process, we assess the performance of the
di erent ML algorithms and compare the one providing the best performance with the cut-based
approach. This allows evaluating the impact of the implementation of these techniques in the
analysis.

The thesis is organized as follows:
in chapter 1 we introduce the theoretical framework of the Standard Model and the Heavy
Neutral Leptons. In chapter 2 we describe the CMS detector, CMS event reconstruction and
the B-Parking dataset. In chapter 3 we present the analysis strategy and its cut-based selection.
In chapter 4 we present our new selection implementation based on ML models and their results.






Chapter 1

Standard Model neutrinos and
Heavy Neutral Leptons

Sterile neutrinos or Heavy neutral leptons (HNLs) are a class of neutrinos that do not interact
via any of the Standard Model (SM) forces. They are part of many extensions of the SM because
they have the potential to explain some fundamental issues that cannot be dealt with in the SM
such as neutrino masses, the baryon asymmetry of the universe and the nature of dark matter
[4, 8].

Several experiments have attempted to search for HNLs, however, as of now, there is no
accepted evidence for their existence. These experiments have set exclusion limits on the pa-
rameter space of HNL masses and mixing angles [5].

This chapter is structured as follows: in section 1.1 we begin by providing an overview of
the properties of Dirac-type fermions and neutrinos of the SM; then in section 1.2 we introduce
the concept of Majorana neutrinos and a minimal extension of the SM that adds right-handed
neutrino elds to the Lagrangian; in section 1.3 we overview the main channels of interest for
HNL production with a particular focus on meson decays; section 1.4 analyzes the main exclusion
regions in the parameter space of HNL masses and mixing angles, and the kinds of experiments
that can probe them. Finally, section 1.5 contains the key theoretical parameters and formulas
that are required for the computations of HNL production from Dg decays and decay rates,
which are key to the analysis presented in this thesis.

1.1 Leptons of the Standard Model

Fermions are spin 1=2 particles that can be described through a Dirac spinor eld . The
Lagrangian describing a free fermion is known as the Dirac Lagrangian:

L= ( @ m); (1.1)
and the corresponding equation of motion is the Dirac equation
i @ m) =0: (1.2)
are the Dirac matrices, m is the mass of the fermion and is de ned as
= Vo, (1.3)

where Y is the Hermitian conjugate of . Explicit forms of depend on a choice of basis. In
the Weyl basis or chiral basis the Dirac matrices are

0 . 5 _ 1 0 .

- 0 ) - 0 1 ’ (1'4)
where =(1; Yand =(1; '), with ' the Pauli matrices. In this basis the spinor can
be written as:

= bt (1.5)
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where | and g are respectively a left-handed and a right-handed Weyl spinor [9].
We also use the notation

L= &~ 5 Rr= ; (1.6)
that lets us write
= Lt RrR: (1.7)

Projector operators can be de ned to extract the left-handed and right-handed components of
the spinor

1 1
P = Z(1 5y Pr = =(1+ 5 1.
L= 5@ %) Pr= S+ %) (18)
so that
P. = 1, PR = Rr: (1.9)
L and g are eigenstates of the chirality operator °
> = L; °R= R: (1.10)

The handedness of a spinor is also referred to as chirality.
The mass term of the Dirac Lagrangian

Lmass= M =m( L rR+ R L) (1.11)

couples the left and right-handed components of the spinor. We can also see this more explicitly
by looking at the Dirac equation

@

1.12

@ (1.12)
or equivalently

i @ R m =0 .

i @ L mgr=0 '

which implies that even if we start with a purely left or right-handed spinor, the two components

will mix with time evolution. Only a massless fermion can be purely left-handed or right-handed
without mixing.

(1.13)

1.1.1 Electroweak theory

The electroweak theory is anSU(2),. U(1)y gauge theory. We will only focus the leptonic
sector. We have the left-handed weak-isospin doublets:

L = N = € ; ; iy (114)

and the right-handed weak-isospin singlets:
R ="r =fer; r; RO : (1.15)

Neutrinos are assumed to be massless and have no right-handed componkentveak hypercharge
Y is de ned according to the Gell-Mann-Nishijima relation:

Q= I3+ %Y : (1.16)
where Q is the usual electric charge andl 3 is the third component of weak isospin, which is
+1=2 for the upper component of the doublet, 1=2 for the lower component and 0 for the
right-handed singlets.

Iwe talk about the reasoning behind this assumption in section 1.1.2.

10
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To keep the notation less cluttered we will avoid the index from now on, and it should be
understood that the following Lagrangian terms are summed over the three lepton generations.
The Lagrangian terms that describes leptons and their interactions is [10]:

. ig® . ig® ig
Lieptons = R @ + 73- Y R+ Li @ + 78. Y + §~ D L; (2.17)

with a being the massless boson eld fo(1)y, D = (b';k?; %) the massless boson elds for
SU(2). and~=f 1; 2: 3gthe Pauli matrices.
A mass term for the charged leptons would look like:

Lmass= M LR+ RL (1.18)

but it cannot be added directly to the Lagrangian because it mixes left-handed and right-handed
components and is thus not gauge invariant. The SM way of introducing mass terms for the
charged leptons is through their Yukawa coupling to the Higgs eld.

Higgs and spontaneous symmetry breaking

To give mass to the gauge bosons and to the massive fermions in the SM, we need to introduce
the Higgs eld?. The Higgs eld is a complex scalar eld that transforms as a weak-isospin
doublet under SU(2). and has weak hyperchargey =1

+

= o (1.19)

The related Lagrangian term is
Luiggs =(D )’(D ) V(7Y ); (1.20)
with D the covariant derivative and V the Higgs potential:

— igo ig__ . Yy y\= 2y y 2 .
D = @+ZaY+S-b ; V(Y)= + (V) (1.21)

We also add the so-called Yukawa Lagrangian term that couples the Higgs eld to the leptons
Lvikawa = Yy LR +R YL (1.22)

wherey- are the Yukawa couplings.
What we are interested in is the fact that the Higgs eld acquires a vacuum expectation
value
hig= V:BE ; (2.23)

and when we consider the physics around this vacuum state, we have a spontaneous symmetry
breaking (SSB) of theSU(2). U(1)y symmetry, but we preserve theU(1)gy symmetry. The
bosons acquire mass:

massless a ;b massless A ; massive W ;Z
| after SSB

massless = 0 massive H°

Lepton interactions

It can be shown that after SSB the Lagrangian terms for the leptons (eq. (1.17)) becomes:

Lieptons = Lw + Lo ; (1.24)

2See refs. [9, 10] for a more complete discussion on the Higgs mechanism.

11
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where Ly is the Lagrangian term for the charged interactions mediated by theW boson

Lw = P% L LWh T LW

. . (1.25)
j&, 1 W+t o1 w
3 ( ) ( )
and L is the Lagrangian term for the neutral interactions mediated by the neutral bosonsZ and
A, usually expressed in terms of the Weinberg angley, = arctan( g*=g) and the electromagnetic
coupling constante = gsin = g°cos w:

g

Lo = e\ \A m L |_Z
g . N . . . .
2 sir? + 2sir? 1 z
2COSW W R R W L L (1 26)
e A -9 - 1 52
4.cos w
g . N 5y~ . N 5y
— =2 2sir? 1+ + 2sir 1 1 z
Foos W' @+ ®) w @ 9

These kinds of interactions can be described by the Feynman diagrams in g. 1.1.

(@) (b) ) (d)

Figure 1.1: Feynman diagrams for the interactions of leptons. (a) is the charged current inter-
action mediated by the W boson. (b), (c), (d) are the neutral current interactions mediated by
the Z boson.

Charged lepton mass

It can be shown that after SSB the Yukawa Lagrangian term for the leptons (eq. (1.22)) becomes:

v+ H [ . <.
L vukawa = Y‘ﬂe? RLY LR
: (1.27)
. Y
= H™ A
o b

The rst term gives rise to the interaction between the Higgs boson and the leptons. The second
term is the mass term for the charged leptons

m: = % : (1.28)

Lepton number

Lepton number is a quantum number that is conserved in the SM. It is actually an accidental
symmetry of the SM, since it is not imposed by the gauge symmetry.
This number comes from the fact that the Lagrangian is invariant under the transformation

I ¢ I ¢ I ¢
L | |_ R | R L i‘ L (1.29)
L! e L r! € R L! e L
This holds for each generation = e;; , with ' arbitrary phases. Because of Noether's

theorem, this symmetry implies the conservation of the lepton numberL = fL¢;L ;L gand
consequently, also of the total lepton numberL = Lo+ L + L . We assign the lepton number
to be +1 for leptons and 1 for antileptons.

12
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1.1.2 Neutrinos

Neutrinos are neutral leptons that only interact through the weak force. They are quite unique

in the SM because they are the only fermions that are assumed to be massless and to have
no right-handed component. With the evidence of neutrino oscillations, we know that these
assumptions are wrong, and we need to nd a way to include massive neutrinos in the SM.

Helicity and chirality

Helicity of a particle can be de ned as the normalized component of its spin along its direction
of motion:

h= > P . (1.30)
] Siipi
For a spin 1=2 particle we can write the spin operator as
1
= =7 1.31
S=373 (1.31)
where ~ is simply a four-component version of the Pauli matrices:
= 0 (1.32)
Thus,
P
= — 1.33
I B) ( )
If we look at the Dirac equation (eq. (1.13)) in Fourier space for a chiral spinor = L we
R
get:
i m =0 E -~ =m
| @ r L o) ( P r L (1.3)
i @ L mg=0 (E+~pP L=mr
which in the massless case becomes
- = E
CPe=Er . (1.35)
~® L= EL
If we want to express this same equations for the four-component Dirac spinors| = 6
and R = 0 we can use the™ matrix and write
R
P - P
— .= . — R= R; 1.
E L L E R R » ( 36)

which is exactly the same as eq. (1.10): chirality and helicity are only the same for massless
particles [11]. In the massive case helicity is not Lorentz invariant: it is always possible to boost
past the particle and ‘change’ its direction of motion.

In the case of neutrinos helicity and chirality are approximately equivalent because in all
practical cases neutrinos are ultrarelativistic and thus jg m. According to experimental
evidence, the helicity of neutrinos is always negative i.e. they are always left-handed. The rst
experimental measurement of the helicity of neutrinos was performed by Goldhaber et al. in
1958 [12].

Neutrinos assumptions in the standard model

In the SM, neutrinos are massless. This is because experimental evidence at the time of the
formulation of the SM suggested that neutrinos mass was very small and compatible with zero
Also, it is assumed that they have no right-handed component. This is because there is no
experimental evidence of neutrinos with right-handed helicity; also, such a particle would not be
charged under the weak force and be practically impossible to detect. So a massless left-handed
neutrino was the simplest solution that made the least amount of extra assumptions and could
explain all experimental evidence.

13
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Neutrino oscillations

However, in the last decades experimental evidence has emerged that indicates that neutrinos
are not massless: neutrino oscillations. The key ideas behind neutrino oscillations are [11]:

~ neutrinos are produced in weak interactions as avor eigenstates
=fe ;7 0, (1.37)
but these are not the same as the mass eigenstates;

for instance we produce a neutrino state  which can be written as a linear combination
of the mass eigenstates: X
o= ki (1.38)

i
since they have a di erent mass, the time evolution of the mass eigenstates is di erent:
jii=exp[ i(Eit & %)) ; (1.39)

whereE; is the energy of the mass eigenstate;, 9 is its momentum and ¥; is the travelled
distance;

because of this, if we observe the neutrino after a timg and a distance L from the
production point, there is a probability of observing a avor eigenstate 6

This behavior has been observed in several experiments. The rst two experiments that won
the Nobel Prize for this observation are the Super-Kamiokande [1] experiment and the Subdury
Neutrino Observatory experiment [2].
If we call the mass eigenvaluesn;, m, and mg, the current experimental measurements have
been able to measure the mass di erences [13]:
,1m?=m5 m? m?2 75 10 %eV? _

sol

; 1.40
am?Z=m3 m? m2, 25 10 %eV? (1.40)

where the naming solar (sol) and atmospheric (atm) comes from the fact that the rst one
can be measured in solar neutrino experiments and the second one in atmospheric neutrino
experiments.

Dirac neutrinos

The simplest way to introduce massive neutrinos in the SM is to assume they are Dirac fermions
like all other fundamental fermions of the SM, and add right-handed neutrino elds to the
Lagrangian. Then we can write a Dirac mass term for neutrinos through the Higgs mechanism
just like we did for the charged leptons (eq. (1.27)). We use Greek letters (e.g. ) to denote
avor eigenstates, Latin letters (e.g. ;) to denote mass eigenstates. Summation over repeated
indices is implied.

In the " avor basis' the charged current interaction Lagrangian is

Ly = p%‘L W +hc.; (1.41)
but the mass term will be: L
Ly = 5L M +hc; (1.42)

and the mass matrixM is not diagonal. This spoils the accidental symmetry of lepton number
that we had in the massless case (see section 1.1.1) because now it can only hold for the total
lepton numberL = L+ L + L , with a transformation using a single phase for all elds:

o o -y 1 €
L- L R R L L R R
. N . PN " forall =e;; : (1.43)
L!oe’ R! € R Lt e L r! € g
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The avor and mass eigenstates are related by a unitary matrixVV_known as the Pontecorvo-
Maki-Nakagawa-Sakata(PMNS) matrix:
0

1 0O 1 0O 10 1
e 1 Vel Ve2 Ve3 1
@A:V@ZA:@\/]_ V2 V3A@2A: (144)
3 Vi Vo Vg3 3
Thus, in the "'mass basis' the charged current interaction Lagrangian is
Lw = p%‘L Vi KW +he; (1.45)
and the mass term will be: 1
Ln = 3 Kme &+ he.; (1.46)

wheremy are the masses of the mass eigenstateg. The mass tel’61§ will come from the Yukawa
couplings of the Higgs just like for the other fermionsmy = y,v= 2. The very small masses of
neutrinos imply that the Yukawa couplings y, are extremely small. The SM does not provide
any prediction for the Yukawa couplings of fermions, but this result is thought to be “unnatural’
and a hint to new physics beyond the SM [11].

1.2 Majorana neutrinos

A possible alternative to Dirac neutrinos is the Majorana neutrino.
First let us introduce the charge-conjugate eld € of a spinor eld. If we have a charged
spinor eld that follows the Dirac equation

i@ g A m =0; (1.47)
we want the charge conjugate eld to follow the same equation but with opposite charge:
i @+g A m) °=0: (1.48)

It can be shown [11] that this requirement is ful lled by the spinor eld:
c=cT; (1.49)
with C being a unitary matrix that must satisfy
c ct= T. (1.50)

We know that Weyl spinors are massless and have two components. It is reasonable to ask
if there is a way to have a two-component spinor which is also massive. A spinor with this
property is called a Majorana spinor. Let us look again at the Dirac equation for a fermion

= |+ Rr(eq. (1.13):

[ =m
@ - (1.51)
i @ L=mr
The two equations are the same if
rR=C [ = ¢: (1.52)
Equation (1.52) is called the Majorana condition. It's easy to see that since we can write
= (+C[; (1.53)
is the same as its charge conjugate ©:
cC=C [+ L= ; (1.54)

which is the de ning property of Majorana fermions: they are their own antiparticles.
It is also interesting to note that this condition only makes sense for completely neutral
particles. For instance, egs. (1.55) and (1.56):

i @ q A m) =0; (1.55)
i @+qg A m) =0; (1.56)

can both hold for the same eld only if g=0.
So neutrinos are unique because they are the only know fundamental fermions that could be
Majorana fermions instead of Dirac.

15
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1.2.1 Majorana Lagrangian

Consider a massive neutrino = | + g. It should follow the Dirac Lagrangian and have a
mass term:

Lmass= M = m(L Rr+ R L) (1.57)
If we impose the Majorana condition (eq. (1.52)) we get

m _
L mass = ) Lot T (1.58)

which is a mass term for a Majorana neutrino. Thel=2 avoids double-counting because & and
L are not independent.
We can also put this in a more convenient form
T=clV 0= (Yo = o (1.59)

thus the full Lagrangian for a Majorana neutrino is [11]:

. m
L Majorana = LI @ . E( Ecy L+ LC Lr) (1.60)

Lepton number for Majorana neutrinos

If we test the mass term for a Majorana neutrino under a global phase transformation
e L el (1.61)

we get:

L mass =

|3

T T

N3

ez [y +e'? Cc[ ; (1.62)

which clearly shows that in this case there is no lepton number conservation. If we still use the
conventional SM de nition of lepton number, a Majorana neutrino can violate lepton number
by 2 units. The most famous example of this is neutrinoless double beta decay, which is a
hypothetical process that violates lepton number by 2 units and is only possible if neutrinos are
Majorana particles [14].

Intuitively, if we compare the Feynman diagrams of g. 1.2 we can see that a Majorana
neutrino can be exchanged in the internal line of the neutrinoless double beta decay diagram,
while a Dirac neutrino cannot.

(a) Conventional double beta decay (b) Neutrinoless double beta decay

Figure 1.2: Feynman diagrams for SM double beta decay and neutrinoless double beta decay.
m IS a Majorana neutrino.

16
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Majorana mass for SM neutrinos

If we want to give SM neutrinos a Majorana mass term, without adding any new elds, we need
to use higher-dimensional operators. Consider the Dirac mass term of charged leptons:

m > =m g+ hc.; (1.63)

"L r has weak-isospin = 1=2 and hyperchargeY = 1, so we are able to introduce a term like
this through its interaction with the Higgs doublet that has | =1=2andY =+1 in the Yukawa
term (eq. (1.22)). However, a Majorana mass for SM neutrinos would have the form:

m
L mass = EiL che.; (1.64)

—L ( are both left-handed, making them have a total weak-isospinl = 1 and hypercharge
Y =2: there is no Higgs-like scalar eld in the SM that has these quantum numbers. If we want
to build a Majorana mass term for left-handed neutrinos we need to use a higher-dimensional
operator [11]: g

Lg= v Ll » ¢ T ,L. +he; (1.65)

whereM is an energy scale required to make the total energy dimension 4. This is appropriately
called L5 because it is a dimension 5 operator (recall that elds are operators in a quantum eld
theory, with energy dimension [E]*? and [E]). But we know that operators with
dimension larger than 4 are not renormalizable [15]. This would make the SM an e ective eld
theory that only approximates a more fundamental theory at low energies below the scal .

An interesting thing to remark however is that a Majorana mass term is allowed for a “sterile'
right-handed neutrino g which also has no weak hypercharge. This is because such neutrino is
a singlet under the SM gauge group and thus a Majorana mass term is naturally gauge invariant.

1.2.2 Sterile neutrinos

With the term “sterile' neutrinos we refer to neutrinos that are not charged under any of the
SM interactions. The interest in sterile neutrinos comes from the fact that they could be the
explanation for some open questions of physics that are not explained by the SM (e.g. [4,
8]). For this reason they have been extensively studied in the last decades and a wide variety
of experiments and theoretical models have been developed to constrain their existence and
properties.

Minimal sterile neutrino model

A minimal and generic way to introduce sterile neutrinos in the SM [4], is to modify the La-
grangian by adding N right-handed neutrinos N, with | =1;:::;N:

L = ml @N;, Y| L | %NilcN| + h.c.; (166)

where is the Higgs doublet,L are the left-handed lepton doublets ( = e; ; ), Y, arethe
Yukawa couplings that generate a Dirac massM P = Y, h i, € is the conjugate of the Higgs

doublet €= i , andM, are the Majorana masses of the right-handed neutrinos. These terms
are all allowed within the SM, because the right-handed neutrinos are&SU(2),.  U(1)y singlets.

One generation extended model

To understand the implications of the minimally extended model, we go more in depth with
a simpli ed version of it3. Our simpli cation is assuming that there is only one conventional
L

left-handed active neutrino | in the doublet L = and one right-handed sterile neutrino

L
N. The Lagrangian terms that we can add to account for the sterile neutrino are

L=Ni @N mp N m—ZRNCN+h.c.: (1.67)

3A full derivation can be found in ref. [11]
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Now we introduce the vector of neutrino elds:
= L (1.68)

The previous Lagrangian terms for mass can now be written as

1
L mass = 2 M L+ hec; (1.69)
where M is the mass matrix
m= 0 Mo . (1.70)
Mp MR

Now we can diagonalize the mass matriXM with a unitary matrix V:

mq 0

YMV =
VYMV 0 m,

: (1.71)
where m; < m, are the masses of the two neutrino mass eigenstates. The neutrino mass

ni L

eigenstatesn = N ©

will be related to the avor eigenstates | = through the unitary

matrix V (also called mixing matrix):
L=Vn :) n. = \V24 L. (172)
For simplicity, we assume that V is real*, and thus we can write it as:

y= ©05 s (1.73)
Sin Ccos

If we assumeN to be “heavy', i.e.mgr  mp we can write the mass eigenstates as

Mp Mp
n —N°¢: n N+ — | 1.74
1 L Mg 2 Mg L ( )
and the mixing angle as m
tan = —2 (1.75)
mg

This means that in the end we get:
1. a light neutrino n; with mass m; which is almost the same as the active neutrino  ;
2. a heavy neutrino n, with mass m, which is almost the same as the sterile neutrind\ .

Thus, this simpli ed model that adds a heavy neutrino N lets us give a small mass to the active
neutrino | . m
If we substitute | ' np+ m—DN ¢ in the Lagrangian of interaction for leptons (eq. (1.25)

R
and eq. (1.26)) we can see hoW interacts:

9 NeMo

- 1 % ,.Z +he: 1.76
4cos mg ( )L ( )

—mMp Byang 4
Lint = =N°¢— (1 W™ +
w= PENEE @)
It's clear that the interactions of the heavy neutrino N are strongly suppressed because of the
ratio mp =mg 1.
Heavy neutral leptons interactions with the SM

If we go through analogous steps of the previous section for the full model of eq. (1.66), assuming
that the eigenvalues of M| are much larger than the elements ofMp, we reach analogous
conclusions:

1. we have three light neutrinos which are almost the same as the active neutrinos;

2. we haveN heavy neutrinos which are almost the same as the sterile neutrinos.

4The full matrix should also have some complex phases, but for our heuristic discussion they are not important.
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Note that from now on for simplicity we will refer to the heavy neutrino states as HNLs. The
interactions of these HNLs are similar to the ones of active neutrinos (egs. (1.25) and (1.26)):

X
L= C 5y + 4 g C 5 i
Lint %N, vV 1 9w 74cosWN' v @ 95 z; (1.77)

but with a suppression factorV. = MP M, * 1.

It can be shown that when HNLs are not degenerate in mass, they are produced and decay
independently and do not oscillate between themselves. So to describe the phenomenology of
HNLs, it is su cient to use 1 HNL, which only requires 4 parameters: its mass, which we refer
to as my, and its 3 couplings, which we referto asv ( = e;; ) [16].

1.3 Heavy Neutral Leptons in hadronic machines

In hadronic machines, where we typically have a proton-nucleus collision or a proton-proton
collision, there are three main processes that can produce HNLs:

1. HNL from decays of hadrons;
2. HNL from deep inelastic scattering of protons on nucleons;

3. HNL from coherent proton-nucleus scattering;

Ref. [16] reviews how signi cant each of these processes is for HNL ma@$ GeV. my . 5GeV.
Here we will brie y summarize some main results.

1.3.1 Production from hadron decays

The rst thing that we must consider is that the main channels of production must be the ones
from the lightest hadrons of each avor. This is because:

~ they decay only through the weak interaction;

~ they have a small decay width, that makes sterile production more e cient;
other hadrons will be dominated by strong interactions.

Baryon vs meson production

Production from baryons is usually less relevant than from mesons because:

" because of baryon number conservation, a baryon decay must always include in the nal
state a proton or neutron (or heavier baryon) which will inevitably reduce the kinematical
window for a HNL by at least  1GeV;,

~ since baryons are fermions, they must decay to three or more particles to be able to produce
a HNL (while mesons can have purely leptonic 2-body decays).

For instance, if we consider the lightest baryon of a given avor decaying into a nal state with
a HNL, the HNL with the highest mass that can be produced is lighter than the one produced
by the lightest meson of the same avor [17].

HNLs can be produced in meson decays via a 2-body leptonic decays (g. 1.3 left) or a
semileptonic decay ( g. 1.3 right).

Light un avored and strange mesons
The relevant mesons are:
*(ud 140MeV) ; K*(us 494MeV) ; K2(ds 498MeV) ; K (ds 498 MeV) :

(the neutral pion decays almost exclusively to photons). The pion is the lightest meson and
thus can only decay to a HNL through a 2-body leptonic decay * ! “* N. The kaon can also
decay through a 3-body decayK* !  9*N and K?_g ! **N. The resulting branching
fractions are shown in g. 1.4.

These channels are relevant if the HNL mass isny . 400MeV. An interesting thing to note
is that the branching fractions in g. 1.4 can reach values higher than 1. This is because with a
massive neutrino, there is an enhancement e ect compared to a massless neutrino (it's “easier
to produce a particle with helicity opposite to its chirality if it is very massive).
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Figure 1.3: Meson decays that can produce HNLs. Left: 2-body leptonic decay. Right: semilep-
tonic decay.

Figure 1.4: Decay width of light mesons into HNL related to the total measured decay width.
This is built by taking Ve =1 andV =V =0. Taken from Ref. [16].

Charmed mesons
The relevant mesons are:
Do(cu 1865MeV) ; D™ (cd 1870MeV) ; Dg(cs 1968MeV) :

DY is neutral and cannot decay with a 2-body purely leptonic decay. Because of the CKM matrix,
the most favored decay is to kaons jV/qj ' 0:22)Vcsj). This means that for these channels the
sterile mass is limited tomy <mp mg 1:4 GeV. On the other hand, the D* and Dg
mesons can decay through a 2-body leptonic decay and thus can produce a sterile neutrino with
mass almost equal to their own. The resulting branching fractions are shown in g. 1.5.

The plot shows that the branching fractions for the Ds 2-body decay are the highest: this
makes it a promising channel for the search of HNLs. The decay channé&l{ !  * N is precisely
the decay channel that is studied in this thesis work (see chapter 3).

Figure 1.5: Branching ratio of charmed mesons into HNL. This is built by taking V, = 1 and
V =V =0. Taken from Ref. [16].

Bottom mesons

The relevant mesons are:

B (bu 5279MeV) ; BO(bd 5280MeV) ; Bs(bs 5367MeV) ; Be(bc 6276 MeV) :
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Just like we have said for theD?, B and B decay with a 3-body decay with a nal state meson.
The decay favored by the CKM matrix is the one to D mesons {Vypj ' 0:1jVepj). This means
that for these channels the sterile mass is limited tomy <mg mp 3.4 GeV. The charged
mesonsB and B, can decay through a 2-body leptonic decay and thus can produce a HNL
with mass almost equal to their own. The resulting branching fractions are shown in g. 1.6.

Figure 1.6: Branching ratio of bottom mesons into HNL. This is built by taking Ve = 1 and
V =V =0. Taken from Ref. [16].

1.3.2 Other production channels

Deep inelastic scattering

Figure 1.7: Production channels for HNLs. a) Drell-Yan process, b) gluon fusion, c) quark-gluon
fusion.

The possible Feynman diagrams involved in this process are shown in g. 1.7. These chan-
nels turn out to be strongly suppressed compared to production from meson decay [16]. To
understand this intuitively, consider the center of mass energy in the parton-parton frame:

Sqqe = SX1X2 ; (1.78)

wherex; and x, are the momentum fractions of the partons ands is the center of mass energy of
the proton-proton collision. The parton distribution function (PDF) is de ned as the probability

of nding a parton with momentum fraction x in a proton. At high energies, the PDF is strongly
peaked at smallx and decreases rapidly for largex. This means that the center of mass energy
in the parton-parton frame is small and thus the production of a HNL is suppressed.

Coherent proton-nucleus scattering

These processes may be enhanced by using heavy nuclei with large and by the fact that
there is a large center of mass energy. However, they turn out to be subdominant compared to
production from meson decay [16].

Tau lepton decays

A promising channel is the decay of ! NX and if X hadronizes into charged pions or
kaons, mass and energy reconstruction can be very precise [5]. It is very important because the
constraints onjV j are much weaker than the ones onVej and jV j (see section 1.4).
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1.3.3 Sterile neutrino decays

As we can understand by looking at the interaction terms of the HNL (eq. (1.77)), the Feynman
diagrams involved in the HNL decay are those in g. 1.8. This means that we can have purely
leptonic decay or semileptonic decays. In the case of quarks in the nal state their hadronization
process must be taken into account.

Figure 1.8: Feynman diagrams for the decay of a HNL; a) is charged-current decay,
b) is neutral-current decay. U and D refers to any up-like or down-like fermion (quark or lep-
ton), while f refers to any fermion.

Figure 1.9 shows the branching ratios of HNL decays into neutrinos, leptons and hadrons.
An important thing we can notice is that semileptonic decays quickly become prevalent when
my &m .

Figure 1.9: Branching ratios of HNL decays, assumingVe : V :V =1 :1:1. Leftis
my < 1GeV and rightis 1 GeV<mpy < 5 GeV [16].

Another aspect to be considered is that quarks could hadronize into a single meson or
multi-hadron states. Figure 1.10 shows that multi-hadron states are more than50% when
my & 2 GeV.

Figure 1.10: HNL decay widths into single meson channels, divided by the total decay width
into quarks with QCD corrections [16].
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1.4 Search for Heavy Neutral Leptons

Experimental searches have been performed in several experiments, but no evidence of HNLs
has been found so far. Ref. [5] contains a review of the experimental searches and limits on
HNLs. Dierent kinds of experiments can deal with dierent ranges of masses and mixing
parameters. We mainly focus on the mass rang8:1 GeV. my . 500GeV and brie y mention
other searches. Figure 1.11 shows the current constraints on the mixing ang|®.j as a function

of the HNL massmy from di erent experiments, ¢. 1.12 shows the same forjV jand g. 1.13
for jVv j.

Neutrino oscillation experiments

Neutrino oscillation experiments, both on solar or atmospheric neutrinos and on neutrinos from
reactors and beams, combined with cosmological data, virtually exclude the existence of sterile
neutrinos with masses below 1 eV (see for instance refs. [18, 19]).

Neutrino-less double beta decay

Strong constraints on the my j Vej plane can be obtained from the current limits on lifetime
of neutrino-less double beta decay of experiments like KamLAND-Zen and GERDA (see for
instance ref. [20, 21]).

1.4.1 Peak searches

Peak searches in the decays of mesons are very powerful probes. Figures 1.11 and 1.12 show that

very stringent constraint can be obtained in the mass ranged:1 GeV. my . 0:5 GeV. These

constraints come from the 2-body decays of pions and kaons mentioned in section 1.3.1. For a

decayX ! °N, in the rest frame of the decaying particleX , we have, due to energy-momentum

conservation:

M2 +m2 m?
2M '

so there should be a peak in the energy spectrum of, other than the one already present for
the known active neutrino. These limits are shown in the pictures with labelsX !

Less stringent limits that are based on peak searches are the ones of the Belle experiment.
These are based on the decag ! XN where the Bs are produced by the (4 S) resonance
[22]. Figure 1.13 also shows projected limits based on using large datasets ofdecays from
B-factories [23].

All these bounds have minimal assumptions and are based almost exclusively on kinematical
constraints, which makes them very robust [5].

1.4.2 Beam dump experiments

Figures 1.11 to 1.13 show limits coming from beam dump experiments: PS191, CHARM, IHEP-
JINR, BEBC, FMMF, NuTeV and NOMAD with the corresponding labels. These searches are
based on searching for HNLs produced by mesons that subsequently decay into some kind of
visible nal state. The products are searched by placing the detector at relatively large distances
away from the target, to allow the HNL to decay before reaching the detector [5]. The limits
labelled as "LBNE' refer to projected limits calculated for the future DUNE experiment [24].
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Figure 1.11: Constraints on the mixing anglejVej as a function of the HNL massmy from
di erent experiments. Taken from Ref. [5].

Figure 1.12: Constraints on the mixing anglejV j as a function of the HNL massmy from
di erent experiments. Taken from Ref. [5].

Figure 1.13: Constraints on the mixing anglejV j as a function of the HNL massmy from
di erent experiments. Taken from Ref. [5].
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1.4.3 Electroweak based searches
Direct search in Z decays

Direct search for sterile neutrinos inZ decays consists in looking for the decay ! N where
N is a HNL (this is only possible if my <mz). N will then decay either in a neutral current
or in a charged current process:

N! z z ' ™ :qq (NC)

NI W' W ! “:qq° (cc) (1.80)

Figures 1.11 to 1.13 show the limits based on this process that have been calculated for the LEP
experiments DELPHI and L3 [25, 26] with labels "DELPHI' and "L3'. The future experiment
FCC-ee [27] could provide new very strong constraints, that are shown in the gures with the
label "FCC-ee'.

Electroweak precision tests

Figures 1.11 to 1.13 under the label 'TEWPD' show limits based on precision measurements on
various EW observables, such a¥ invisible decay width, unitarity of leptonic mixing matrix,
lepton universality [5].

1.4.4 Collider direct searches

Direct searches at LHC experiments ATLAS and CMS are shown in Figures 1.11 aﬁld 1.12 under
the label "ATLAS' and "CMS'. The limits shown are based on a set of data froma s=8 TeV
run [28, 29]. The nal states under consideration are dilepton plus jets, that can come from:

pp! W I N L i (1.81)

This channel is very signi cant because of the possibility of same sign leptons in the nal state
which would be a strong evidence of the existence of HNLs, because of the violation of lepton
number conservation [5]. A compilation of experimental limits on the mixing anglesjV j is
provided by the Particle Data Group (PDG) [30]. Several more recent results by the CMS are
also available (see for instance [31, 32, 33, 34, 35]) that are not present in the aforementioned
review.

1.5 Theoretical inputs for the HNL search from Dsdecays

This thesis work is focused on the search for HNLs from the decay d{ mesons. In particular,
the decay channel under consideration iD ! *N followed by N ! , where N is a
HNL. As discussed in section 1.3.1, theD? ! *N has the highest branching ratios among
the charmed mesons. The theoretical predictions on the branching ratios of the decay channel
under consideration is necessary for the signal yield estimation, discussed in section 3.1.1. In
this study, we make no assumption about the Majorana or Dirac nature of such neutrino and
look for both same sign and opposite sign signatures.

The branching fraction of the D7 ! N * decay can be obtained by dividing the width
of this channel by the total decay width of the D meson. The width of this channel can be
computed using the following equation for a generic mesoh [16]:

2¢2m3 qg —"—
CEMivo v 2 v+ v Oh YD @A (1L8D)
where Gg is the Fermi constant, fy, is the meson form factor,Vyp is the Cabiaboo-Kobayashi-
Maskawa matrix element associated to the valence quarks of the mesow, is the mixing between
the HNL and the active neutrino, y- = m-=my, yy = my=m; are de ned from the masses of
the lepton (m-), the meson (my), and the HNL (my ). is the Kallén function de ned as:

(h! * N)=

(a;b;9= a’+ ¥+ c? 2ab 2ac 2bc: (1.83)
The total decay width of the D is obtained from its lifetime as
v }
D)= : 1.84
(D)= —55 (1.84)
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The branching fraction of the N ! decay can be obtained by dividing the width of this
channel by the total decay width of the HNL. The width of this channel can be computed using
the following equation [16]:

G2 2Vup 3V j°m} d

(N! * h)= 6 1 x? x} 1+x? (1;x%;x2) 5 (1.85)

where f, is the nal state meson form factor, x- = m-=my, Xp = My=my .
The total width of the HNL is computed from the equation [15]:

_ GEmy
96 3

N iV j? (10:95): (1.86)

In all computations above, the required constants are taken from their values reported on
the PDG review of particle physics [13].
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Chapter 2

The Large Hadron Collider and
CMS experiment

2.1 The Large Hadron Collider at CERN

The Large Hadron Collider (LHC) is the largest and highest-energy particle accelerator in the
world. It is installed in an underground tunnel of 27 km circumference, located at the CERN
laboratory in Geneva, Switzerland. Two beam pipes run through the tunnel in opposite direc-
tions, carrying two beams of protons or heavy ions. The particles inside the beam pipes are
accelerated by radio-frequency cavities and guided by superconducting magnets. The beams are
made to collide at four points along the ring, where the main experiments are located:

" ALICE: A Large lon Collider Experiment focused on the study of heavy-ion collisions;

" ATLAS: A Toroidal LHC ApparatuS a general-purpose detector;

CMS: Compact Muon Solenoida general-purpose detector;

LHCb: Large Hadron Collider beauty focused on heavy avor physics.

In order to accelerate the particles, the LHC uses a chain of smaller accelerators, which
progressively increase the energy of the beams before injecting them into the main LHC ring.
Figure 2.1 shows the CERN accelerator complex and some other experiments at CERN that use
the same accelerator chain. The di erent stages for a beam of protons are:

extraction from hydrogen gas;
LINACA4 linear accelerator;

Proton Synchrotron Booster (PSB);
Proton Synchrotron (PS);

Super Proton Synchrotron (SPS);
injection into the LHC.

For a beam of lead ions,

vaporization of lead;

LINACS linear accelerator;

" Low Energy lon Ring (LEIR);
" injection into the PS;

and then the same stages as the protons.

The most important gures for a particle accelerator are the luminosity and the center of
mass energy. The instantaneous luminosityL s (t) is proportional to the rate of events dN=dt
through the cross-section :

dN
ot = Linst (1) ; (2.1)
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Figure 2.1: The CERN accelerator complex, from Ref. [36].

and the number of eventsNy; is the integration of this relation over a speci c time interval
Z,,
Nt = L ()dt= L i (2.2)
t1
where Ly is called integrated luminosity.
In the assumption of a perfectly head-on collision, the center of mass energﬁ)@ is related
to the energy of the colliding particlesE; and E, by

p§:2p E.E; ; (23)
and it is a measure of the maximum energy available for the production of new particles in the
collision. Inits Run-1, from 2010 to 2013, the LHC has reaghed peak values of instant luminosity
of Linse =7 10° cm?s ! with a center of mass energy OP s=8 TeV [37]. Inits Run-2, from
2015 to 2018, it has rea?wed peak values of instant luminosity df s =2 10* cm?s ! with a
center of mass energy of s=13 TeV [38]. The center of mass energy of the LHC is limited by
the maximum magnetic eld that can be produced by the superconducting magnets that guide
the particles along their trajectory. The relation between the momentum p of a proton and the
radius R of its trajectory is:

p[GeV/c]' 0:3 BJ[TIR[mM]; (2.4)

thus with a radius of R = 2804 m xed by the geometry of the tunnel and a maximum magnetic
eld of B =8:33 T the maximum momentum that can be theoretically achieved by a proton is
p 7 TeV/c. Producing such a high magnetic eld requires the use of superconducting NbTi
dipole magnets cooled down to 2 K [39].

2.2 The CMS detector

The Compact Muon Solenoid (CMS) detector is a general-purpose detector located at one of
the collision points of the LHC. Its goal is studying a wide range of physics processes, from the
Higgs boson to the search for new physics beyond the SM. Its design is based on a cylindrical
geometry, centered around the interaction point, with several layers of sub-detectors that allow
to reconstruct the properties of the particles produced in the collisions [40]. Figure 2.2 shows a
general view of the CMS detector and its sub-detectors. The main components, from innermost
to outermost, are:
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