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Abstract

The three pressing problems in modern particle physics, neutrino mass, baryon
asymmetry and dark matter inspired various models among which many new par-
ticles and experiments to either verify or exclude their existence. Among the most
promising examples is the right handed neutrino or heavy neutral lepton (HNL)
that has the potential to deal with all the beyond standard model (BSM) physics
at once. We use fairly simple and robust pseudo-analytical methods to calculate
the sensitivities of various proposed or already running BSM focused experiments
among which extracted beamline experiments at CERN (SHiP, SHADOWS and
NA62 DUMP), collider experiments at the LHC (MATHUSLA, Codex-b, FASER2
and FACET) and the DUNE ND detector at Fermilab. We found good agreement
with sensitivities in the literature, provided a consistent way to compare different
experiments and a fast and flexible way of calculating sensitivities that allows for
quick adjustment in case of design changes or other developments in the field.
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Chapter 1
Introduction

Even though the Standard Model (SM) is self-consistent and describes our per-
ceivable physical reality with exceptional accuracy, already before and also after
its formulation, experimental evidence had been gathered that betrays the incom-
pleteness of the theory when it comes to describing all the fundamental particles
and their interactions. The field of theoretical particle physics has therefore been
occupied to account for these inconsistencies between theory and experiment both
within the framework of quantum field theory, the theory upon which the Stan-
dard Model is based, and beyond.
The three well known beyond Standard Model (BSM) phenomena that show this
incompleteness are:

1. Neutrino oscillation

2. Baryon asymmetry

3. Dark matter

We will give a short overview of these problems in the coming sections.
Many efforts are under way to validate or exclude many BSM models that have
so far been proposed and since these models are so plentiful, the emphasis rests
on the word exclude. In this thesis we will look at such efforts in the form of
elaborate experiments primarily at CERN and investigate their ability to probe
these models. In particular we will look at so called right heavy neutral leptons
(HNLs) also known as right handed or sterile neutrinos which have the potential
to solve all the BSM phenomena at once.
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8 Introduction

1.1 Neutrino Oscillations

Neutrino’s appearing to changing their flavour, also called neutrino oscillation, was
first proposed by Bruno Pontecorvo in 1957 analogous to neutral kaon mixing [1].
Roughly ten years later the first experimental evidence for neutrino oscillations,
although then not conclusively linked to it, was found in the form of an apparent
deficit in solar neutrino’s that later became known as the solar neutrino problem
[2]. Since neutrino’s interact so weakly, experimental research was difficult and
only in the late 90’s the first strong evidence for neutrino oscillation was obtained
in the Super-Kamiokande observatory in Japan [3].

1.1.1 Neutrino Mass

The fact that neutrino’s oscillate means that their mass is nonzero. The Standard
Model however, neutrino masses are strictly zero. The observation of neutrino
oscillations thus proves the incompleteness of our current standard model as a
means of describing all present fundamental particles and their interactions. In
this section we will outline the relevant theoretical background of the neutrino
mass and explain why it does not appear in the standard model. To illustrate why
it is nontrivial for neutrinos to have mass we look at the Dirac equation:

(iγµ∂µ −m)ψ(x) = 0. (1.1)

In the chiral or Weyl basis ψ(x) can be written as:

ψ(x) =

[
ξL
ξR

]
(1.2)

Where ξL and ξR are the left and right chirality states respectively. These states
transform into each other under the parity transformation P : x⃗ −→ −x⃗, just like
any other chiral object. The γµ matrices in this basis look like:

γ0 =

[
0 I2
I2 0

]
, γi =

[
0 σi

−σi 0

]
γ5 =

[
−I2 0
0 I2

]
. (1.3)

Where γ5 = iγ0γ1γ2γ3. We can use this matrix to construct an operator that
projects an arbitrary state onto its left or right chiral eigenstates and is given by:

PL =
1− γ5

2
, PR =

1 + γ5

2
(1.4)

We define:

ψL ≡ PLψ =

[
ξL
0

]
, ψR ≡ PRψ =

[
0
ξR

]
. (1.5)

8

Version of August 9, 2023– Created August 9, 2023 - 19:58



1.1 Neutrino Oscillations 9

We can now decompose the Dirac equation in two separate equations:[
−m iσµ∂

µ

iσ̄µ∂
µ −m

] [
ξL
ξR

]
= 0, (σµ := (1,σ) and σ̄µ := (1,−σ)). (1.6)

Where σ is the vector of Pauli matrices. Multiplying this out and rearranging we
see that the right-handed and left-handed spinors couple or ”mix”:[

iσµ∂
µξR

iσ̄µ∂
µξL

]
=

[
mξL
mξR

]
(1.7)

This is because otherwise the equation is not Lorentz covariant. It is therefore nec-
essary when trying to construct a Lorentz invariant mass term in the Lagrangian
for a massive fermion, that in the mass term the left and right handed parts of
ψ(x) also mix. This can be achieved by writing the mass term as:

Lfermion mass = −mψ†γ0ψ = −m(ψ†
L+ψ

†
R)γ

0(ψL+ψR) = −m(ψ†
RψL+ψ

†
LψR) (1.8)

Where ψ†γ0 is often written as ψ̄, this is known as the Dirac conjugate. Now since
neutrinos are massive, one would expect the neutrino mass term to look something
like eq. 1.8. But unfortunately since the 1957 experiment by Wu et al.[4] we know
that only left-handed neutrinos and right-handed antineutrinos are observed so
such a mass term cannot be written.

Let us try to find a suitable mass term for the neutrino. For our current dis-
cussion it is important to introduce the charge conjugation operator C. Multiplied
by the transpose of the Dirac conjugate of the fermion field, it describes a particle
of opposite charge and thus its antiparticle. We denote it as:

ψc ≡ Cψ̄T (1.9)

This fermion field also satisfies the Dirac equation. The charge conjugation oper-
ator C has the following useful properties:

CγµT = −γµC, Cγ5T = γ5C, CT = −C = C−1 = C†. (1.10)

Let us try to write a mass term that only includes left handed neutrinos. A
good first attempt is to consider neutrinos as Majorana fermions. Ettore Majorana
discovered a fully imaginary representation of the gamma matrices. This means
that the coefficients in the Dirac equation are all real. Solutions ψ to the Dirac
equation are thus real:

ψ∗ = ψ. (1.11)
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10 Introduction

The γ matrices in the Majorana basis look like:

γ0M =

[
0 σ2

σ2 0

]
, γ1M = i

[
σ3 0
0 σ3

]
, γ2M =

[
0 −σ2

σ2 0

]
, γ3M = −i

[
σ1 0
0 σ1

]
.

(1.12)
The matrix C in the Majorana representation can by found by imposing it must
satisfy the relations of eq.1.10 and is found to be:

CM = −γ0M = −
[
0 σ2

σ2 0

]
. (1.13)

We can now see that charge conjugation corresponds to complex conjugation of
the fermion field in the Majorana basis:

ψc = C(ψ†γ0M)T = C(γ0M)Tψ∗ = (−γ0M)(−γ0M)ψ∗ = ψ∗ (1.14)

Where we used that γ0M is anti-symmetric, hermitian and squares to the identity.
Since a Majorana fermion is real valued, complex conjugation and thus charge
conjugation leaves the state the same. This means that these Majorana fermions
are neutrally charged and are therefore their own antiparticles. A fermion being
its own anti particle can in general be written like this:

ψc = ψ (1.15)

This is sometimes called the Majorana condition. This condition imposes extra
constraints which result in the Majorana fermion having only two degrees of free-
dom. Another way this can be seen is by looking at how the charge conjugation
acts on the individual chiral components of a Majorana spinor field ψ. We can
write ψ as a linear combination of its chiral eigenstates:

ψ = ψL + ψR (1.16)

Since ψc = ψ:

ψ = ψL + (ψc)R (1.17)

We now compute the last term on the right hand side:

(ψc)R =
1 + γ5

2
Cψ̄T =

1 + γ5

2
C(ψ†γ0)T =

1 + γ5

2
C(γ0)T (ψ†)T (1.18)

10
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1.1 Neutrino Oscillations 11

Using the relations from eq. 1.10 we can rewrite further:

(ψc)R = −1 + γ5

2
γ0C(ψ†)T

= −γ01− γ5

2
C(ψ†)T

= −γ0C 1− (γ5)T

2
(ψ†)T

= C(γ0)TP T
L ψ

†)T

= C(ψ†P †
Lγ

0)T

= C((PLψ)
†γ0)T

= Cψ̄L
T
= (ψL)

c

Where we have used in the second line that {γ5, γµ} = 0 and that PL is hermitian
in the fifth line. We can thus conclude that acting on a chiral field with the charge
conjugation operation flips its chirality and in the case of a Majorana fermion field
that it can be entirely constructed out of one chirality state:

ψ = ψL + (ψc)R = ψL + (ψL)
c (1.19)

This means that the Majorana fermion has only two degrees of freedom (instead
of four for the Dirac fermion). We now want to write a Majorana mass term for
the Lagrangian. Let us construct a term quadratic in the field like in eq. 1.8:

ψ̄ψ = (ψL + ψR)(ψL + ψR)

= (ψL + ψc
L)(ψL + ψc

L)

= ψ̄LψL + ψ̄Lψ
c
L + ψ̄c

LψL + ψ̄c
Lψ

c
L

= ψ̄Lψ
c
L + ψ̄c

LψL

The Majorana mass term looks like:

LMajorana mass = −1

2
m(ψ̄Lψ

c
L + ψ̄c

LψL) (1.20)

Where the factor of 1
2
comes from the fact that the term is quadratic in ψL. One

important detail about this mass term is that it violates lepton dumber (∆L =
2). This fact can be exploited to look proof or disprove the Majorana nature of
neutrinos by looking for lepton number violating processes like neutrinoless double
β-decay.
We now have a possible explanation for neutrino masses but the only problem
is that weak symmetry mixes neutrinos with their corresponding charged lepton.
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12 Introduction

This will result in a Majorana mass for the charged leptons as well but a Majorana
particle cannot have charge!

The way to resolve this is to let the Majorana term arise from a spontaneously
broken term known as the Weinberg dimension-5 operator[5]. It looks like:

OW =
cαβ
Λ
L̄c
αH̃

∗H̃†Lβ + h.c. (1.21)

Where H̃ = iσ2H∗. After electroweak symmetry breaking this operator leads to
a Majorana mass for the neutrino’s. The factor of 1/Λ suppresses the operator so
that it only becomes relevant at energies ≈ Λ. Assuming cαβ ∼ O(1):

Λ ∼ v2

mL

∼ 1015GeV (1.22)

Where v is the vacuum expectation value (VEV) of the Higgs field. Assuming a sub
eV mass for the neutrino (

∑
mν < 0.12 eV [6]). These kinds of operators suggest

that the standard model Lagrangian Lsm is a theory only effective at low energies
and that new physics is hidden at higher energy scales shown by effective higher
dimensional operators. The Weinberg operator is not unique, it is merely the
lowest d > 4 dimensional operator using only standard model fields thus making
it a good effective theory for the neutrino mass.
Another way to give the neutrino mass is to introduce a new particle, a right
handed neutrino typically written as N . This is a standard model gauge singlet
that is allowed a Yukawa interaction with the leptonic doublet Lα and the Higgs
doublet H̃:

Ly = −FαL̄αH̃N + h.c. (1.23)

Upon electroweak symmetry breaking a Dirac mass term emerges:

Ly

⟨H̃⟩̸=0
−−−−→ v√

2
yvν̄LN + h.c. (1.24)

1.1.2 Neutrino Oscillation

We finally have a theory for the neutrino mass but it might not be immediately
obvious how flavour oscillations require mass. A somewhat intuitive explanation
might be that massless particles travel at the speed of light, and according to spe-
cial relativity time goes infinitely slow for objects traveling at light speed so it is
impossible to observe any change in the properties of the particle. This however
does not tell us anything quantitative. So lets approach this phenomenon a little
more formal and quantum mechanical to see what is really going on.

12
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1.1 Neutrino Oscillations 13

Neutrino oscillations essentially arise because weak interactions conserve lepton
flavour, but the energy (or mass) eigenstates of neutrinos |νi⟩ are not flavour
eigenstates |νi⟩. This leads to the flavour eigenstates mismatching with the mass
eigenstates. But of course since the eigenstates of observables always form an
orthonormal basis we can write one state in terms of the other. For the electron
neutrino this looks like:

|νe⟩ = U∗
1e |ν1⟩+ U∗

2e |ν2⟩+ U∗
3e |ν3⟩ . (1.25)

Where U∗
ie are elements of the PMNS (Pontecorvo-Maki-Nakagawa-Sakata [7]) ma-

trix U and quantifies the mixing of the three known neutrinos. To derive oscilla-
tions, people usually consider a wave packet of 3 mass eigenstates with some fixed
common momenta and different energies. While this leads to the correct result,
the derivation has to be performed more accurately by considering the density
matrix of all particles that are created with the neutrino. For more details on this
see [8]. We present the illustrative derivation:

|να⟩ =
∑
i

U∗
αi |νi⟩ , (1.26)

where α = e, µ, τ label the flavour eigenstates and i = 1, 2, 3 the mass eigenstates.
In a vacuum each mass eigenstate evolves with a phase factor of e−iEit, this gives:

|να(t)⟩ =
∑
i

U∗
αie

−iEit |νi⟩ . (1.27)

Where Ei is the relativistic energy
√
p2 +m2

i and we define |να(t = 0)⟩ := |να⟩.
The probability to find a neutrino initially in state α at a certain time t in state
β is:

P (να → νβ) = |⟨νβ|να(t)⟩|2 =

∣∣∣∣∣∑
i

UβiU
∗
αie

−iEit

∣∣∣∣∣
2

. (1.28)

We can simplify the exponent upon noticing that the neutrino’s are ultra relativis-
tic. That means that their mass is very small compared to their momentum. We

can therefore approximate the energy as Ei =
√
p2 +m2

i ≈ p+
m2

i

2p
≈ E+

m2
i

2E
since

p ≈ E where E is the energy of the wave packet. After dropping the phase e−iEt,
this expression can be rewritten as:

P (να → νβ) = δαβ − 4
∑
i<j

Re(UαiU
∗
βiU

∗
αjUβj) sin

2

(
∆m2

jiL

4E

)

+ 2
∑
i<j

Im(UαiU
∗
βiU

∗
αjUβj) sin

(
∆m2

jiL

4E

)
,

(1.29)
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14 Introduction

where ∆m2
ji is the mass squared difference m2

j − m2
i and L ≈ ct. This formula

characterises the oscillation behaviour of the three (anti-)neutrino flavours. For
anti neutrino oscillation you need to replace U → U∗ in eq. 1.29. Equation 1.29
also gives us another piece of information about neutrino masses, namely that in
order for neutrinos to oscillate, not only do they need to be massive, but their
masses also need to be non-degenerate mi ̸= mj. This is obvious, since if the
masses are equal, you can define the mass basis however you like, along the flavour
eigenstates for example.
One might be inclined to think that there is no reason to believe that charged
leptons might not be able to oscillate as well. In a way they do, but the effect is so
negligible that in practically all cases the effect can be ignored. If the production
of more than one lepton flavour is allowed in a certain weak process, the states pro-
duced are either produced in a incoherent state or the state loses its coherence very
quickly within a microscopic distance due to the extreme mass difference between
the charged leptons. Oscillations of charged leptons would only be observable at
extremely high energies that are off limits for contemporary experiments. For
further details see [9].

1.2 Baryon Asymmetry

Observations suggest that there is a significant asymmetry between baryons (pro-
tons and neutrons) and antibaryons (antiprotons and antineutrons). As far as we
can tell there are no stars, planets or galaxies made entirely from antimatter. The
baryon asymmetry can be quantitatively characterized as follows:

η =
nB − nB̄

nγ

∣∣∣∣
t=0

≈ 6.21 · 10−10. (1.30)

The average number density in the universe of the baryons and antibaryons is here
nB and nB̄ respectively and nγ is the relic photon number density. Various con-
siderations highly suggest that baryon asymmetry came about dynamically and
was therefore not an ”initial condition” of the universe. For example, assuming
inflation happened, it would have diluted away most of the baryon asymmetry.
A dynamical process resulting in baryon asymmetry is called baryogenesis. For
baryogenesis to occur three conditions must be satisfied. These are called the
Sakharov conditions [10]:

1. Baryon number violation. In order for the asymmetry to arise from an
initial state where there is no asymmetry, baryon number must be violated.
There are processes using only standard model physics that seem to violate

14
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1.2 Baryon Asymmetry 15

baryon number due to the chiral anomaly or Adler-Bell-Jackiw anomaly [11].
This is a process that arises from quantum corrections to the classical axial
current resulting from the global symmetry transformation for each of the
twelve fermionic fields:

ψi
L → eiβψi

L ⇒ jµi = ψ
i
γµψi. (1.31)

In the classical theory these currents are conserved but upon quantizing the
theory so called anomalies arise in the one loop level. This correction leads
to the current to be not conserved:

∂µj
µ
i =

1

64π
FA
µνF̃

µνA, F̃ µν =
1

2
ϵµναβFA

αβ (1.32)

Gauge field configurations where
´
FF̃dx4 ̸= 0 are called instantons. These

are finite action classical solutions to the unquantized field theory in Eu-
clidean spacetime. And describes tunneling between different vacua with
different winding numbers. This winding number (or Chern-Simons) num-
ber of a particular field configuration is obtained upon integrating the right
hand side over all spacetime and is related to it’s topology. For more infor-
mation on this topic see [12]. The left hand term gives the total difference
in charge:

∆Qi = Qi(t = −∞)−Qi(t = ∞) =

ˆ
∂µj

µ
i dx

4 =
1

64π

ˆ
FA
µνF̃

µνAdx4 ∈ Z.

(1.33)

Imagining a ground state of our gauge field as a periodic potential where each
minimum labelled by a different winding numbers, instantons are the vacuum
fluctuations that tunnel between these minima. However you can also climb
over the potential barrier given a high enough energy. The configuration me-
diating this process is called a sphaleron. The sphaleron (Greek for ”slippery
thing”) is an unstable static solution to the electroweak field equations that
are saddle points in infinite dimensional field space which separate two local
minima or vacua and corresponds to half integer winding numbers. Going
from one vacuum to the other takes a lot of energy (≈ 9TeV) and leads
different winding numbers and therefore a different number of fermions or
anti fermions. This process would either convert three baryons into three
antileptons or three antibaryons into three leptons (or vice versa). This pro-
cess violates B+L current but still conserves B-L current through the above
described Adler-Bell-Jackiw anomaly.
In summary, for low temperatures B+L current can be violated via the tun-
neling from one winding number to the other via instanton process and for
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16 Introduction

high temperatures the potential barrier can be overcome by the sphaleron.
The tunneling probability of the instanton is suppressed by the instanton
action and therefore exceptionally small and will hardly contribute to the
baryon asymmetry [11]. The transition rate is:

Γinstanton ∝ e
− 8π2

g2 ∼ 10−82. (1.34)

Where g ≈ 0.65 is the coupling constant present in the electroweak theory of
the standard model. For the sphaleron in the presence of a non zero vacuum
expectation value (VEV) of the Higgs field the transition rate is Boltzmann
suppressed and goes like:

Γsphaleron ∝ e−
Esph

T (Esph ≈ 9 TeV). (1.35)

We are however interested in the rate before the electroweak symmetry break-
ing occurred due to the electroweak phase transition (EWPT) where the VEV
of the Higgs field was zero. In this regime the sphaleron transition rate is no
longer suppressed by a Boltzmann factor and is estimated to be [13]:

ΓB+L violation ≈ 25α5
WT

4 (1.36)

Where αW = α/ sin θW with α the fine structure constant. We can conclude
that before the EWPT the B+L current could have been violated and thus
satisfy the first Sakharov condition.

2. C and CP violation. If either C or CP were conserved, then processes
involving baryons would proceed at precisely the same rate as the C- or
CP-conjugate processes involving antibaryons, with the overall effect that
no baryon asymmetry is generated. Although C symmetry is maximally
violated in the standard model, CP violation is only violated to a very small
extent through the Kobayashi-Maskawa mechanism and is unable to account
for the measured baryon asymmetry [14].
Like neutrinos, quarks also mix and this behaviour is described by their
analog of the PMNS matrix called the Cabibbo-Kobayashi-Maskawa matrix
or CKM for short. Both of these matrices contain complex phases that are
called the CP violating phase. These phases, you guessed it, quantify the
CP violating behaviour of interactions involving these particles. The CKM
matrix looks just like the PMNS matrix and in the standard parametrization
looks like:Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb

 =

1 0 0
0 c23 s23
0 −s23 c23

 c13 0 s13e
iδ13

0 1 0
−s13eiδ13 0 c13

 c12 s12 0
−s12 c12 0
0 0 1

 ,
(1.37)

16
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1.3 Dark Matter 17

with δ13 the CP violating phase. The CKM can be written in many bases.
But there is an invariant way of quantifying the CP violating behaviour
through the so called Jarlskog invariant [15]:

J = c12c23c
2
13s12s23s13 sin δ. (1.38)

This invariant when appropriately normalised is roughly of the order 10−20

and is unfortunately too small to generate the η as measured.

3. Out of equilibrium dynamics. A dynamical process is said to be out
of equilibrium if the expansion of the universe outpaces the reaction rate of
the process. In order for baryon symmetry to occur this must also be the
case for the process that generates it because in thermal equilibrium it is
possible for pairs of antiparticles to annihilate each other. Departure from
thermal equilibrium is therefore a necessary condition for the phenomenon
of baryon asymmetry to occur since it freezes out the asymmetric particle
configuration.
An out of equilibrium state can be provided by the electroweak phase transi-
tion. A phenomenon that occurs shortly after the big bang where the Higgs
potential acquires a non trivial vacuum expectation value. The way it can
do this can be either through a first or second order phase transition. It has
been determined that a second order phase transition cannot provide the de-
sired departure from thermal equilibrium thus a first order phase transition
is necessary[16]. You can see (see figure 1.1) that at the critical temperature
there are two degenerate minima separated by a potential barrier. It is pos-
sible to tunnel through this barrier and small vacuum bubbles are created
that expand and eventually take over all space. The non equilibrium condi-
tion is provided as the particles interact with the bubble wall as it sweeps
through the plasma. The order of the electroweak phase transition depends
on several factors including the mass of the Higgs boson. In order for a
first order EWPT to occur, the Higgs mass must be contrained by an upper
bound [17]. This is also the case for the supression of the sphaleron rate in
the unbroken phase and these two considerations constrain the Higgs mass
to mH < 35GeV . Since the Higgs mass is mH ≈ 1250GeV , standard model
physics is insufficient to satisfy also the last Sakharov condition.

1.3 Dark Matter

In 1933 Fritz Zwicky observed apparent anomalies in the velocity dispersion of
the galaxies in the Coma cluster. The outer galaxies moved much faster than

Version of August 9, 2023– Created August 9, 2023 - 19:58

17



18 Introduction

Figure 1.1: Schematic diagram of the difference between first and second order
phase transition.

predictions made by considering all the observable matter present in that cluster.
Similar behaviour was later observed in 1939 the Andromeda galaxy (M31) where
the outer stars appeared to move way faster than predicted by the laws of gravity.
See fig 1.2. Over time people began to postulate various explanations, the most
convincing of which seemed to be dark matter: non-luminous matter that that can
explain the deficit of observed mass that causes the movement of celestial bodies
to deviate from what they were expected to be.
Observations of gravitational lensing is also a strong indicator of the presence of
dark matter. Distortions in the images of background galaxies are used to probe
the amount of mass needed to bring about such an observation. It turns out that
often the lensing is stronger than naive assumptions predict. Dark matter is again
in many cases a promising explanation for this phenomenon and assuming that
dark matter indeed exists, gravitational (micro)lensing can be a good way of char-
acterizing its distribution throughout the universe.
As experiments went on, it quickly became apparent that dark matter is om-
nipresent throughout our universe and even more so, is more abundant than lumi-
nous matter (roughly 85% of matter in our universe seems to be dark).
Postulating dark matter brings up the next question: What kind of matter? Dark
matter can be divided into two categories, baryonic, and non-baryonic. Baryonic
consists of most common objects known to astronomers such as stars, planets and
black holes. Black holes, burnt-out dwarfs and other hard to detect dim bodies
can in theory contribute to dark matter. Objects like this are called MACHOS
(Massive Astrophysical Compact Halo Objects). However, the power spectrum of
the cosmic microwave background (CMB) radiation temperature anisotropy proves
that the baryon density in the universe is way smaller than of all the other gravi-
tational matter. This, among other pieces of evidence suggest that baryonic dark
matter cannot account for all dark matter present in the universe.
So, the extra matter has to be composed of something different from the ordinary
particles. These are obviously particles that are not compositions of quarks but

18
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1.4 Portals 19

are just single elementary particles. These particles must clearly be massive and
interact extremely weakly, the only known particles that satisfy these criteria are
neutrinos which unfortunately also are not heavy or abundant enough to make
up all of the dark matter. Even if they were abundant enough, the Tremaine-
Gunn bound places a lower limit on the a neutrino mass due to the limited volume
fermions can occupy in phase space which exceeds the current upper bound of the
neutrino mass. Therefore not enough neutrinos can be packed into a galaxy to
form a dark matter halo. And even if the neutrino was massive enough it would
quickly smear out density fluctuations that would hinder small structure forma-
tion. These arguments exclude Standard Model particles from being responsible
for all dark matter.
Therefore over the last few decades a slew of hypothetical particles yet to be de-
tected or excluded from existence were conjectured. Some of these are, axions,
supersymmetric particles or WIMPs (Weakly Interacting Massive Particles). The
non baryonic dark matter is often divided in hot dark mater (HDM), cold dark
matter (CDM) or warm dark matter (WDM) depending on the velocities of the
particles at the time they decoupled. Hot dark matter however is mainly excluded
as being a candidate for DM due to the fact that they smear out density fluctua-
tions just like neutrinos as mentioned in the previous paragraph and can thus only
create large structures. Similarly, because colder structures are easier to cluster
gravitationally, WDM can allow for structures of moderate size and CDM for ob-
jects of any size.
Various observations of large-scale structures suggest that cold dark matter is pre-
dominantly responsible for dark matter. The only downside of this is that in the
standard model there is no suitable candidate to fulfill this role (neither are there
for HDM or WDM). Many of the hypothetical cold dark matter particles that
have been proposed to solve this problem fall into the WIMP category, so does the
heavy neutral lepton or sterile neutrino, which will be central in this thesis.

1.4 Portals

Several models of weakly interacting particles have been proposed that have the
potential to be dark matter or serve as mediators between the standard model
and hidden sectors outside of it. Such mediators are sometimes called portals.
Portals are classified by the particles doing the mediation. We will list three of
them below:

1. Scalar portal. The Lagrangian density of the scalar portal looks like:

L = α1H
†HS + α2H

†HS2, (1.39)
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Figure 1.2: Rotation curves of M33 compared to naive expectation [18].

with H being the Higgs doublet and S a scalar and α1/2 real couplings. The
particle behaves similar to the Higgs particle but its interaction is suppressed
by a certain parameter θ ≪ 1 often called a mixing angle. The scalar S might
be able to solve two problems; it might be responsible for inflation [19] or be
a mediator for a hidden sector [20].

2. Neutrino Portal. As mentioned before the heavy neutral lepton is a
promising candidate for dark matter, it also is potentially able to account
for the other two BSM phenomena as well. It appears as an extension of the
standard model as:

L = FαILαH̃NI +majorana mass term (1.40)

Where Lα is the SM lepton doublet with α ∈ {e, µ, τ}, H̃ the conjugated
Higgs doublet and FαI complex Yukawa couplings. NI is the heavy neutral
lepton (HNL) that interacts like the neutrino with the SM but just like the
scalar portal it is suppressed by a mixing angle Uα.

3. Vector portal.

L =
ϵ

2
FµνV

µν (1.41)

Here Fµν is the familiar gauge field associated with the U(1) group of the
standard model and V µν the field strength tensor of the so called dark photon.

1.5 Outline of this Thesis

We can conclude that while processes are possible within the physics of the stan-
dard model that can account for at least a small portion of the above mentioned

20
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1.5 Outline of this Thesis 21

phenomena, they are by no means sufficient. Countless theories have been pro-
posed to extend the standard model or even the laws of gravity to account for this.
What we will focus on in this thesis is an extension of the standard model with
new fields, who’s excitations will be called the heavy neutral leptons or HNLs for
short. These particles potentially have the ability to solve all three beyond stan-
dard model (BSM) phenomena at once. They are sterile, meaning non-interacting,
heavy and may be able to explain the baryon asymmetry through leptogenesis.
[21]. We will explain the relevant theory of HNLs, how they can explain the
small but finite neutrino mass through the so called seesaw mechanism, how these
particle might be produced in experiments and how their decay products can be
detected. Then we will look at a host of experiments currently on their way and
try to compare them as consistently as possible and we will compare these results
with previous estimations from the literature.
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Chapter 2
Heavy Neutral Leptons

To explain dark matter, it is an obvious choice to postulate a particle that is mas-
sive and extremely weakly interacting. The only known particle that satisfies this
is the neutrino but as outlined in the previous section, they are unable to explain
all the dark matter indirectly observed in the universe. In the previous section we
stated that no right handed neutrinos are not observed, but the fact that right
handed neutrinos are not observed of course does not guaranty that they do not
exist. In fact, posing the existence of a right handed neutrino with a Majorana
mass as a SU(2) gauge singlet which therefore does not take part in the weak in-
teraction seems to be a simple but powerful extension of the SM that can explain
a host of phenomena.
Not only do the three phenomena introduced in the previous section hint at this
new physics. Many anomalies in experimental particle physics such as the LSND
anomaly [22] where an excess of electron antineutrinos were found in an muon
antineutrino beam was found can be potentially attributed.
In light of the various non trivialities surrounding the neutrino mass outlined in
section 1.1.1, it leaves us no choice but to extend the standard model. One of
the simplest ways of doing this is by postulating the existence of gauge singlet
Majorana fermions also called sterile neutrinos, right-handed neutrinos or heavy
neutral leptons (HNLs). HNLs in the MeV-GeV range can explain the baryon
asymmetry of the universe and at least two of them are needed to do so while a
third HNL in the KeV range might be able to explain dark matter [23].
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24 Heavy Neutral Leptons

2.1 The Seesaw Mechanism

The neutrino might have mass, but its size is very small relative to other elementary
particles (

∑
mν < 0.12eV [6]). It is another hint at potential new physics and

also the HNL can aid in elucidating the smallness of the neutrino mass. Let us
look at the most common Lagrangian involving HNLs:

L = LSM + iνRi/∂νRi + FαiL̄αH̃νRi −
1

2
MM

ij ν
c
RiνRj + h.c., (2.1)

with Fαi the Yukawa couplings, H̃ the conjugated Higgs doublet and Lα = (lα, νLα)
the lepton doublet where α runs over all lepton flavours and i over all right handed
neutrinos. In this section we choose 3 right handed neutrinos for symmetry but
the formalism can be altered to include an arbitrary number of them. Note that
the third term is akin to eq. 1.23 and the fourth a Majorana mass term that is
warranted by the fact that the νRi are gauge singlets. So again after spontaneous
symmetry breaking we arrive at a Dirac mass for this term:

MD
αi =

Fαiv√
2
. (2.2)

The Lagrangian of our theory then becomes:

L = LSM + iνRi/∂νRi +MD
αiν̄LανRi −

1

2
MM

ij ν
c
RiνRj + h.c. (2.3)

Upon closer inspection we can put the massive part of the Lagrangian in a matrix
form:

LHNL mass = −1

2

[
νL νcR

] [ 0 MD

(MD)T MM

] [
νcL
νR

]
+ h.c. (2.4)

Where we have ignored the indices. We can block diagonalize the mass matrix in
the middle with the aid of an anti hermitian matrix W :

M = W †
[

0 MD

(MD)T MM

]
W ∗ =

[
mν 0
0 MN

]
. (2.5)

Where W has the form

W = exp

([
0 θ

−θ† 0

])
. (2.6)

Which for small enough θ can be approximated to second order by

W ≃
[
1− 1

2
θθ† θ

−θ† 1− 1
2
θ†θ

]
. (2.7)

24
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2.1 The Seesaw Mechanism 25

From this it follows that
θ ≃MD(MM)−1 (2.8)

And the mass matrices can be approximated as:

mν ≃ −MDθT ≃ −MD(MM)−1(MD)T = −θMMθT , MN ≃MM (2.9)

This is the well known seesaw formula [24–29] where the term seesaw comes from
the fact that the light neutrino mass becomes smaller as the Majorana mass be-
comes bigger: [

νcL
νR

]
mass basis−−−−−−→

[
νlight
Nheavy

]
(2.10)

This mechanism could explain the smallness of the neutrino mass discussed earlier.
For more information see [30]. We can see that in the mass basis the heavy states
with massM which we usually denote as N and call heavy neutral leptons (HNLs)
are a mix of the right and left handed neutrinos and can hence interact with other
particles. Only their interaction is suppressed by the so called mixing angles in
θ. And of course therefore, SM neutrinos are a mix of their light mass eigenstates
like we saw before in the section on neutrino oscillations plus a mix of the new
heavy eigenstates:

νLα = V PMNS
αi νi + θαIN

c
I (2.11)

Where V PMNS is the familiar PMNS mixing matrix. The absolute value squared of
the mixing angles quantifies how suppressed the HNLs are in comparison to their
light counterparts. It is therefore common to define the following quantities [31]:

U2
αI ≡ |θαI |2, U2

I =
∑
α

U2
αI , U2

α =
∑
I

U2
αI (2.12)

Otherwise, the HNLs interact in the same way with the SM model fields in the
same way [32]:

Lint =
g

2
√
2
W+

µ ν
c
∑
α

θ∗αγ
µ(1− γ5)l

−
α +

g

4 cos θW
Zµνc

∑
α

θ∗αγ
µ(1− γ5)ν

−
α + h.c.

(2.13)
There are also other types of seesaw mechanisms. The one discussed here is

the type-I seesaw mechanism characterized by the SM singlet. The other two are
likewise characterized by the exchanged heavy particle. We will list these three
below:

1. Type I: SU(3)× SU(2)× U(1)-singlet fermions

2. Type II: SU(2)-triplet scalars

3. Type III: SU(2)-triplet fermions

For more discussion see [21].
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26 Heavy Neutral Leptons
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Figure 2.1: The leptonic (left) and semileptonic (right) decay of a hadron h. Here
D ∈ {d, s, b} and U ∈ {u, c, t}.

2.2 HNL Production

We will draw most of the relevant information in this section from the paper
”Phenomenology of GeV-scale heavy neutral leptons [32]” by K. Bondarenko, A.
Boyarsky, D. Gorbunov, and O. Ruchayskiy.

The production of heavy neutral leptons occurs mainly through the leptonic or
semileptonic decay of mesons mediated by W bosons (see fig.2.1). The light-
est of which (and therefore the most abundant) would be the main sources of
HNLs if they exist. Such particles are π mesons ∼ 0.14 GeV or kaons (K meson)
∼ 0.5 GeV. However, experiments have already excluded a significant portion of
the parameter space below the kaon mass [33]. In this thesis we will therefore
mainly focus on HNL masses > 0.5 GeV.
Mesons with such masses which are most relevant for HNL production are the
charmedDmesons with masses∼ 2 GeV: D0(cu, 1865),D+(cd, 1870),D+(dc, 1870),
and Ds(cs, 1968), and the beauty mesons B−(bu, 5279), B0(bd, 5280), Bs(bs, 5367)
and Bc(bc, 6276) who have their masses in the range ∼ 5− 6 GeV.

Let us first look at the charmed D mesons. The D0 meson is neutral so weak decay
through a charged current yields a meson in the final state. This limits the mass
of the HNL being produced from this decay quite a bit. Considering the largest
branching ratio of such a process which is a decay to a K meson, the mass of the
HNL is limited to be: MN < MD0 −MK ≈ 1.4 GeV. The charged mesons like the
D± and the Ds meson may decay into two bodies like the left diagram in fig.2.1.
And given the mass of the other lepton being much smaller the HNL produced in
this process can be almost as heavy as the D meson itself. The meson with the
highest branching ratio is the Ds meson which is about a factor 10 higher than
others for decays of the form D −→ N + X (see fig. 2.3). And although Ds is
harder to produce due to its heavier mass, its production is only suppressed by a

26
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2.3 HNL Decay 27

small factor [34]. This makes Ds the main source for HNLs in our experiments.

Figure 2.2: The dominant branching ratios for the production of HNLs from
charmed mesons for Ue = 1, Uµ = Uτ = 0 [32].

Similarly to the D0 meson the neutral B0 and Bs beauty mesons also decay
through the semileptonic decay with another meson in the final state. These will
mostly decay to D mesons so the HNL mass is constrained to be MB −MD ≈ 3.4
GeV. The charged beauty mesons B± and B±

c decay leptonically and again are
able to produce HNLs that are roughly of the same mass. Due to CKM suppression
the branching ratio for the process B+ −→ N + l+ is suppressed compared to the
branching ration of Bc −→ N + l but the production fraction is of order O(10−3)
and is only measured ad LHC energies and is unknown for lower energies [35].

Figure 2.3: The dominant branching ratios for the production of HNLs from beauty
mesons for Ue = 1, Uµ = Uτ = 0 [32].

2.3 HNL Decay

As can be seen from eq. 2.13, the HNL decay is mediated by charged or neutral
weak currents. In figure 2.6 this is shown by two Feynman diagrams and these
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28 Heavy Neutral Leptons

Figure 2.4: Branching ratios for various decay products of the HNL. For this figure
the mixing ratio is Ue : Uµ : Uτ = 1 : 1 : 1 [32].

are involved in all HNL decay processes. In our model the HNLs are Majorana
particles. This means that all the reactions discussed above can also happen in
their charge conjugated form. This makes the possible decay paths twice as large
as opposed to Dirac particles and therefore the decay width should also be enlarged
by a factor of two.
For the charged decays (mediated by the W boson) the particles labelled U and D
could be an up-down quark pair (ui, dj) or a lepton pair (να, lα) and the f in the
neutral decay product can be any lepton. In the case of two quarks in the final
state they can hadronize into a new meson.
The decay products can help to validate the HNLs existence or not, but not all
potential decay modes will be detectable. Specifically the neutral current decay
into three neutrinos:

N → να + νβ + νβ

The reason for this is obvious; neutrinos are hard to detect.
For the mass region above the pion mass, semileptonic HNL decay becomes domi-
nant. We can see from fig. 2.5 that above 2 GeV the ratio between the combined
decay width into single-meson final states becomes less than decay into quarks.
This means that in that in this range multi meson final states start to become
significant. See fig. 2.7 for an example of an HNL decaying into two kaons and a
lepton.

28
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2.3 HNL Decay 29

Figure 2.5: HNL decay widths into relevant single meson channels, divided by the
total decay width into quarks. The solid blue line is the combined decay width of
all mesons divided by the decay width of decay into quarks with QCD corrections
the dotted blue line without QCD corrections. For more information see [32].
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Figure 2.6: Different possible paths of HNL decay mediated by neutral or charged
currents. Again D ∈ {d, s, b} and U ∈ {u, c, t}.
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Figure 2.7: Example of a multimeson final state where an HNL decays into two
kaons.
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Chapter 3
Experimental Searches for HNLs

There have been many efforts to look for heavy neutral leptons and many more
are on the way. Experiments range from collider searches to cosmological and
astrophysical searches (see [36] for an overview). The first experiments looking for
HNLs started in the mid 1980s where the experiments PS191 [37] placed the first
bounds on the mass-mixing parameter space. In this thesis we will focus mainly
on collider searches that are mainly based at CERN. We will lay out their specifics
in the following sections.

3.1 Extracted Beam Lines at CERN

Extracted beam line experiments as the name states, are experiments that extract
a portion of a beam from a cyclotron and then dump it into a target (these ex-
periments are also called beam dump experiments). Historically extracted beam
line experiments were the first to look for HNLs like the previously mentioned
PS191 experiments and the CHARM [38] and NOMAD [39] experiments. Some of
the heaviest constraints on the HNL decay are obtained by recent experiments at
PIENU [40], NA62 [41], T2K [42], MicroBooNE [43], and ArgoNeuT [44].
Since HNLs interact weakly many particle interactions must be needed in order
to conclusively witness a rare event. That is why experiments looking for hidden
particles use high intensity beams and are denoted as intensity frontier experi-
ment as opposed to energy frontier experiments such as the LHC that can reach
energies in the neighbourhood of 13.6 TeV. It must be said however that the high
luminosity of the LHC in run 3 and further also places it in the intensity frontier.
In this section we will consider three promising experiments at CERN: SHiP, NA62
and SHADOWS. We will outline their way of operating and other relevant param-
eters.
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Figure 3.1: Outline of the SHiP experiment [45].

3.1.1 SHiP

The Search for Hidden Particles or SHiP [45] for short is an experiment to be
located at the so called Beam Dump Facility (BDF) at CERN approximately 15
meters under ground. It’s purpose is to probe various proposed new physics which
involves particles with masses up to O(10GeV ). It is fed by the SPS accelerator
with a 400 GeV proton beam which delivers approximately 2 × 1020 POT over a
5 year period. The beam collides with a titanium-zirconium doped molybdenum
alloy (TZM) followed by blocks of tungsten [45]. The beam is then passed through
a 5 meter hadron stopper designed to get rid of π± particles and K mesons. Then
comes a 34 meter muon shield consisting of magnets to deflect muons from enter-
ing the decay volume to further mitigate background. The decay volume starts
approximately 50 meters from the target and is a 50 meter long pyramidal frustum
vacuum chamber. The detector on the end of the decay volume is a spectrometer
consisting of a four-station tracker, timing detector, an electromagnetic calorimeter
and muon detector which helps particle identification.

3.1.2 NA62

The NA62 experiment originally was designed to study the rare decays of kaons
[46]. It too uses a 400 GeV proton beam from the SPS called the P42/K12 beamline
that strikes a a 400 mm long beryllium target that produces a collimated beam
of charged pions (π+), kaons (K+) and protons (p) with a momentum of around
75 GeV. The decay volume is about 80 meters in length and sits at a distance
of about 100 meters from the target. The first run collected data generated from
about 2.2× 1018 POT K+ particles produces a neutrino when decaying which can
hypothetically mix with an HNL with a mass up to about 0.45 GeV. In the past
the NA62 experiment has already placed upper bounds on the HNL with data of
its first run by studying the decays K+ −→ e+ +N and K+ −→ µ+ +N [47].
A proposal has been made to slightly alter the setup of the NA62 experiment by
removing the Beryllium target and thereby letting the beam directly hit a pair of
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Figure 3.2: Layout of the NA62 experiment [48].

Cu-Fe collimators that are placed between bending dipole magnets. This setup is
called dump mode as whereas the normal setup is called beam mode. The dump
mode will allow for the production of particles like charmed hadrons and therefore
will allow to probe a larger region of parameter space for HNLs. It is expected
that this experiment will eventually gather around 5 × 1019 POT between 2032
and 2038.

3.1.3 SHADOWS

The SHADOWS (Search for Hidden And Dark Objects With the SPS) [49] ex-
periment uses the same P42/K12 beamline as the NA62 experiment and will also
be built in the same location (hall ECN3). The detector will be placed off axis
with respect to the beam since charm and beauty mesons can have a significant
amount of transverse momentum. The detector is placed 10 meter from the target,
is roughly 20 meters in length and its transverse dimensions are 2.5× 2.5 meters.
The fact that the detector is off-axis makes it easier for the detector to be close
to the interaction point. This has the advantage of reducing background since
this is mostly concentrated in the forward direction and also allows for a better
geometrical acceptance. It is expected to take data from about 5×1019 POT from
separate runs which are estimated to be finished between 2032 and 2038.

3.2 LHC based Experiments

The LHC is the worlds largest and most powerful collider. It scatters protons
onto protons with a record center of mass energy of

√
s = 13.6 TeV. It has four

interaction points with a total of nine experiments divided among those. The
LHC had a central role in testing the standard model but presently has plenty of
programs that are trying to probe physics outside of the SM. In this section we will
look at some of such promising programs proposed that are specifically designed
to search for long lived feebly interacting particles (FIPs) at the LHC.
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Figure 3.3: Side view of the MATHUSLA setup [50].

3.2.1 MATHUSLA

MATHUSLA (MAssive Timing Hodoscope for Ultra Stable neutraL pArticles) is
a detector proposed to be built on the surface above either the ATLAS or CMS
detector. It will cover an area of 200× 200 meters and will have a height of about
20 meters. The detector makes use of of passive shielding provided by ∼ 100
meters of rock between the collision point and the experiment. Any sufficiently
long lived particle that might decay in the decay volume of the detector is then
aimed to be detected by particle detectors in the roof of the construction. See fig.
3.3 for a drawing of the setup.

3.2.2 Codex-b

Codex-b is a detector closer to the collision point. It also is designed to look for
new physics particles. It is a 10×10×10 m3 cube shaped detector about 26 meters
away from the LHCb experiment. It is shielded by a lead shield as a means to
halt any hadronic particles coming from the interaction point. See figure 3.4 for
the setup.

3.2.3 FASER

FASER (ForwArd Search ExpeRiment [52]) as the name implies is situated ∼ 480
meters away from the very forward region of the ATLAS detector in an service
tunnel (TI12). It too makes use of passive shielding by rock ∼ 100 m and the large
magnets of the LHC divert away a lot of charged background particles as well. The
detector has a small angular acceptance due to its small size and measures about
|θ| < 0.21 mrad which corresponds to a pseudorapidity η > 9.2. The length of the
detector is also relatively small at about 1.5 meters in length.
A second larger version of this experiment FASER2 is also proposed and will extend
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Figure 3.4: Top view of the Codex-b setup [51].

its sensitivity reach significantly over FASER. FASER2 will have a detector length
of 5 meters and will have a magnetic aperture with a diameter of 2 meters (η ≳ 6.9)
improving the acceptance from D and B meson decays.

Figure 3.5: Top view of the Codex-b setup [52].

3.2.4 FACET

FACET (Forward Aperture CMS ExTension [53]) is an extension in the forward
region of the CMS experiment designed to look for long-lived BSM phenomena
among which are heavy neutral leptons. The detector will be ∼ 100 meters away
from the collision point and will be about 26 meters in length and will cover an
angular size of about 7.6 > η > 6.2. The detector will have a decay volume of
about 18 meters followed by 8 meters of various detection equipment.
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Figure 3.6: Schematic impression of the FACET detector. [54].

Figure 3.7: Computer model of a concept for the DUNE ND detector facility [55].

3.3 DUNE ND

The DUNE (Deep Underground Neutrino Experiment) [55] is a project currently
on the way in Fermilab, Illinois to primarily study neutrinos. In particular it aims
to measure the CP violating phase δCP , θ23 and the mass ordering of neutrinos.
The experiment will have two detector a near detector (ND) at Fermilab and a
far detector (FD) roughly 1300 km away in the Sanford Underground Research
Facility. The neutrinos studied in the experiment are produced by a beam of 120
GeV protons delivering 1.1× 1021 POT per year provided by the main injector ac-
celerator. The beamline is named the ”Long Baseline Neutrino Facility” (LBNF)
where baseline refers to the distance between the collision point ant the detector.
The proton beam is scattered on a graphite target and produced kaons and pions
are focused by a so called magnetic horn into a decay volume where they decay
into neutrinos. The weakly interacting neutrinos then reach the first detector (ND)
and then travel 1300 km through earth to reach the detectors (FD) of the facility
in Sanford.

36
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3.3 DUNE ND 37

The ND will be placed 574 m from the target and one of its main task will be to
monitor the neutrino beam going to the FD. The design of the ND is not finalized
but it will most probably will have a Liquid Argon Time Projection Chamber
(LArTPC) caled the ND-LAr followed by a multipurpose detector consisting of
a high pressure gaseous argon TPC and electromagnetic calorimeters. The final
detector will be the SAND (System for on-Axis Neutrino Detection) and is used to
monitor the flux of neutrinos going to the FD. See fig. 3.7 for an impression. Aside
from monitoring the neutrino flux the DUNE ND can also search for potential new
physics particles like the HNLs of the order of the D meson mass which is what
we will be focusing on in this report.
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Chapter 4
Sensitivities of Experiments

We will draw most of the relevant information in this section from the paper
”Sensitivity of the intensity frontier experiments for neutrino and scalar portals:
analytic estimates” by Bondarenko et al. [56]

Given a particular model, in our case the model for the HNL, one can begin
to calculate cross sections and decay rates and infer from those results at what
rate these particles can be created and how they decay as was discussed in chapter
2. Then, given the relevant parameters of a particular experiment, one can calcu-
late how often an HNL production and decay can occur within the confines of the
experiment.
There are of course unknowns in our model, like the mixing parameters U2

α (with
α ∈ {e, µ, τ}) and the mass of the HNL. These parameters are not constrained
by the neutrino masses mν , it is only their combination as appearing in eq. (2.9)
that is constrained. For example, naively θ2 ∼ θ2seesaw = mν/MN . But noting that
the mixing matrix θ is complex and we for example choose 2 HNLs, a cancellation
can happen, such that MNθ

2
1 −MNθ

2
2 ∼ mν and at the same time θ2 ≪ mν/M .

The fact that this is possible at all is an important remark, because we mainly
explore exactly this region So we end up with a certain four dimensional parameter
space consisting of U2

α and MHNL four which we can check which region of this
parameter space is able to be probed by our experiment. Usually we focus only on
one mixing flavour at a time which commonly is U2

e which simplifies the analysis
and makes it easy to graph visually.
In this thesis we employ relatively simple but robust techniques for estimating the
sensitivities of experiments that allow for easy adjustment in the case of changes
in the designs or estimates of production and decay of HNLs that often deals
with physics that is outside of perturbative QCD and low-energy meson physics.
The flexibility of this approach can be favourable over conventional and generally
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superior Monte Carlo (MC) simulations which often have a limited amount of pa-
rameters and take more effort in order to adjust them.

4.1 How to Calculate the Sensitivity of an Ex-

periment

Let us look at how to go about these sensitivity calculations. When the proton
beam hits the target, a slew of particles is born a part of which fly in the direction
of the detector. After all the background is hopefully mostly filtered out, the
relevant particles, in our case the HNLs are left. Now we must know how many
of mesons decay into an HNL for a given value of a mixing angle. Given that
NM mesons of certain type are created the fraction of M mesons that decay into
HNLs is giving by the branching ratio BRM→X , where X denotes the HNL. So
the number of relevant particles created is:

Nproduced,Mi
= NMi

×BRMi→X . (4.1)

M ∈ {B,D} denotes the type of meson and i and denotes which type of B or
D meson. For D mesons we have Di ∈ {D+, D0, D+

s } and for B mesons we have
Bi ∈ {B+, B0, Bs, B

+
c }. BRMi→X is proportional to U2

α and since in this model
this parameter is of course still unconstrained the number of particles depends on
it. See fig. (4.3) where BRMi→X is plotted for U2

α = 1. NMi
is given by the total

amount of B or D mesons multiplied by their fragmentation fraction fMi
. Thus

NMi
= fMi

×NM . The number of D or B mesons is in turn given by a factor that
expresses the total amount of c or d quarks per POT (NPOT) which we will call
χq with q ∈ {c, d}. So the final expression yields:

Nproduced,Mi
= NPOT × χq × fMi

×BRMi→X . (4.2)

The mesons created from the proton beam have different momenta which dictates
whether they fly in the direction of the beam and if they are likely to decay in
the detector or not. The distribution of mesons with a certain absolute value
momentum p and angle relative to the beam axis θ is enough to characterize the
relevant properties of the particles of interest in our experiments since we assume
that because of the cylindrical symmetry of our experiments the distribution is
not dependant on the azimuthal angle ϕ. And we often denote the normalized
distribution function as:

fM(p, θ) =
1

NM

d2NM

dpdθ
. (4.3)

40
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4.1 How to Calculate the Sensitivity of an Experiment 41

Often the distribution is given in terms of the pseudorapidity (η) and the transverse
momentum PT but the idea remains the same. We can infer the momentum of our
HNLX from the momentum of the meson with some simple relativistic kinematics.
Now we must calculate how likely it is for particle X with a certain momentum to
decay inside the detector, the probability is given by:

Pdec,M = e
−

ltarget-det
ldec − e

−
ltarget-det+ldet

ldec . (4.4)

Where ltarget-det is the distance between the target and the decay volume of the
detector, ldet is the length of the detector and ldec is the decay length of the particle
defined as:

ldec = cτXβXγX , (4.5)

with τ the lifetime of the particle β its velocity and γ the gamma factor. τ just
like BRMi→X depends on the mixing angle but this time as: τ ∝ U−2

′α (see fig 4.1).
We estimate the gamma factor of the HNL from the gamma factor of the meson
as:

γX ≈ γmeson
Erest

X

MX

, (4.6)

where Erest
X is the energy of the HNL in the rest frame of the meson which we

approximate by looking at the expression for the energy of a particle in two body
decay:

Erest
X =

M2
M +M2

X −m2

2MM

≈ MM

2
+

M2
X

2MM

=
M2

M +M2
X

2MM

, (4.7)

where we have made the approximation under the assumption that m ≪ MX

where m is the other product in the decay. Now using γM = EM/MM , we can
express γX as follows

γX ≈ γmeson
Erest

X

MX

≈ EM

MMMX

M2
M +M2

X

2MM

= EM
M2

M +M2
X

2M2
MMX

. (4.8)

We have now an expression for the detector length given the lifetime of the HNL
as obtained from [32] (see fig. 4.1)

Now we have the expression for the probability of decay within the detector.
Now we integrate it over the distribution function with appropriate boundaries for
θ in accordance with the geometrical acceptance of the detector:

ˆ ∞

0

ˆ θmax

θmin

fM(p, θ)Pdec,M(p, U2
α)dθdp

Where we have assumed the distribution function to be normalized. To account for
the range of azimuthal angle that the detector covers we multiply this expression
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Figure 4.1: Proper lifetime of the HNL with electron mixing as a function of the
HNL mass for U2

α = 1. Data obtained from [32].

with a factor ∆ϕ/2π. With ∆ϕ = ϕmax − ϕmin. So now the number of HNLs
decaying in our detector for a certain meson flavour is given by:

NMi
×BRMi→X × ∆ϕ

2π
×
ˆ ∞

0

ˆ θmax

θmin

fM(p, θ)Pdec,M(p, U2
α)dθdp (4.9)

However not all decay modes are detectable (for example when an HNL decay into
three neutrinos), so we must multiply by the visible branching ratio (see fig. 4.2)
which is the fraction of decays that are actually visible to the detector. The final
thing we should take into account is the efficiency of the detector itself for various
technical reasons a particle might not be detected even if it it decays inside the
volume of the detector. This efficiency is done by studying simulations and the
detector itself and the efficiency is given by the factor ϵdet. So the total number of
detected events in case our model is correct is predicted to be:

Nevents,Mi
= Nproduced,Mi

×Brvis × ϵdet (4.10)

× ∆ϕ

2π

ˆ ∞

0

ˆ θmax

θmin

fM(p, θ)Pdec,M(p, U2
α)dθdp (4.11)

So in the total amount of events is

Nevents(θX ,MX) =
∑
i,M

Nevents,Mi
(θX ,MX) (4.12)

Now the question is: how many events do we have to detect in order to con-
clude we have detected an HNL? The main factor that comes into play that de-
termines the amount of signals needed for conclusive detection is the amount of

42
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Figure 4.2: The visible branching ratio for HNL decay for electron mixing only.
Data obtained from [32].

Figure 4.3: The branching ratios for D and B mesons for electron mixing only.
Data obtained from [32].
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background particles which fortunately are very low for our experiments see for
example the background considerations of SHiP ( [57], [58], [59], [60]) and MATH-
USLA ([61],[62]). Although even with background Nbackground ≪ 1 the amount of
particle that need to be detected is still around 2.3 for 90% certainty [56]. So to
get the total sensitivity reach we require:

Nevents(θX ,MX) ≥ 2.3 (4.13)

We display this using a contour plot.

4.2 Upper and Lower Boundaries of Sensitivity

Curves

If an HNL is extremely weakly interacting (small Uα) it might not decay until it
has passed the detector volume in that case

ldec ≫ ldet, ltarget, det.

We can therefore approximate eq. (4.4) as:

Pdec,M ≈ ldet
dec

=
ldet

cτX ⟨γX⟩
(4.14)

Where we have assumed the particle to be relativistic and thus β ≈ 1. In this
approximation the number of events inside the detector is:

Nevents lower ≈ Nmeson ×BRM→X × ldet
cτX ⟨γX⟩

∝ U4
α/ ⟨γX⟩ (4.15)

This equation describes the lower bound of the sensitivity curve.

To estimate the upper boundary we look at the case where the coupling is suffi-
ciently strong so that the HNL decays before it reaches the detector.

ldec ≪ ldet, ltarget, det.

The maximum mass able to be probed by the experiment is where the upper and
the lower boundaries meet (see figure 4.4).

4.3 Distribution Functions

The distribution functions for the mesons vary between experiment and also within
the same experiment there are multiple distributions available and no general con-
sensus exists which is the best one. We strife to be as consistent as possible so we
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Figure 4.4: Schematic diagram of a typical sensitivity curve [56].

can at least make statements based on relative comparisons as opposed to absolute
comparisons.

4.3.1 Distribution function of extracted beamline experi-
ments

The distribution functions for the D and B mesons for the beam dump experi-
ments SHiP, NA62 and SHADOWS is given in figure (4.5). The distribution has
an odd shape due to most particle being created at small angles hence we have
chosen to display it on a log-log for the θ and E axes. The awkward shape of the
distribution also makes it difficult to smooth out the function by interpolation so
we can properly integrate over it. That is why we integrate the distribution in log
space which gives us an additional Jacobian factor in our integral:

ˆ ∞

0

ˆ θmax

θmin

d2NM

dEdθ
dθdE −→

ˆ ∞

0

ˆ θmax

θmin

d2NM

d log10(E)d log10(θ)

1

ln2(10)θE
dθdE

(4.16)
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4.3.2 Distribution of D and B mesons at the LHC

The distribution functions for D and B mesons at the LHC are given in figure 4.6.
It is a function of the transverse momentum and the pseudorapidity defined as:

η = − ln

(
tan

θ

2

)
(4.17)

Where θ is the angle of the particle’s three momentum with the beam axis like
usual.

4.3.3 Distribution of D mesons at DUNE

The energies at DUNE only allow for D meson production. The production can
be described by:

dN

dxFdp2T
∝ dσ

dxFdp2T
∼ (1− |xF |)ne−bp2T , (4.18)

where xF is the so called Feynman-x defined as:

xF =
2pz√
s
. (4.19)

Here pz is the longitudinal momentum of the particle and
√
s the invariant mass.

Both the longitudinal momentum and the transverse momentum are evaluated in
the center of mass (CM) frame of the proton nucleon reacting of the collider at
DUNE. The values for n and d are determined by the so called E769 experiment
and are fitted to be: n = 6.1 and b = 1, 08GeV −2 [63]. See fig. (4.7) for a plot of
the function in eq. 4.18.
To determine the geometrical acceptance we need to know the angle and absolute
value momentum of the particle in the lab frame. We will do this be determin-
ing the value of the center of mass velocity and boosting along the longitudinal
direction. The Lorentz transformation to the lab frame for momentum is

pz,lab = γ(pz,CM − vcmECM). (4.20)

The value of the center of mass velocity for particles with equal mass (assuming
proton-proton collision) is given by:

vcm =

√
Elab −mp√
Elab +mp

, (4.21)

with Elab = 120 GeV. Which corresponds to a gamma factor of

γ ≈ 8.0. (4.22)
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4.3 Distribution Functions 47

To calculate pz ≡ pz,CM we use relation 4.19:

pz = xF

√
s

2
. (4.23)

The invariant mass is the given by:

√
s =

√
(pµp + pµA)

2 =
√

2m2
p + 2mpElab ≈ 15.1 GeV, (4.24)

with pµA the momentum of the nucleon. To calculate the ECM we use the common
relation ECM =

√
p2 +m2

D =
√
p2z + p2T +m2

D. Filling this into eq. (4.20) gives
us our final expression:

pz,lab = γ

(
xF

√
s

2
+ vcm

√
p2z + p2T +m2

D

)
. (4.25)

Where the plus sign is chosen so that the boost is in the proper direction. Now
we can calculate the momentum and angle of the meson as desired:

plab =
√

(p2z,lab + p2T ), θlab = arctan (pT/pz,lab) (4.26)

(a) D meson distribution (b) B meson distribution

Figure 4.5: Distribition for D and B meson production at the beam dump experi-
ments fed by the 400 GeV beam of the SPS.
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(a) D meson distribution (b) B meson distribution

Figure 4.6: Distribition for D and B meson production at the LHC.

Figure 4.7: Distribution for D mesons at DUNE.

48
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Chapter 5
Results

We have finally all the information and tools needed to make a solid estimate of
the sensitivities of the various intensity frontier experiments currently running or
on the way mentioned earlier. In the following section we will show the results
from plugging the relevant parameters into eq. (4.13) and plotting the contour in
the (U2

e ,MX) parameter space.

5.1 Results for Beam Dump Experiments at CERN

The relevant parameters for the experiments based on extracted beam lines at
CERN are given in table 5.1. For D mesons we have χD = 8×10−3. For B mesons
we have χB = 5.5 × 10−7. For the detector efficiency of the SHiP experiment we
have used the data from simulations obtained from [64]. The resulting contour
plots representing the sensitivities of the experiments are given in figure 5.1.

Experiment POT ldec ltarget−det θmin θmax ∆ϕ ϵdet

SHiP 2× 1020 50m 50m 0 0.0124 2π 0.48

NA62 1× 1018 10m 100m 0 0.0055 2π 1

SHADOWS 5× 1019 10m 20m 0.033 0.33 1.79 1

Table 5.1: Parameters of the beam dump experiments at CERN.

You might notice that the detector length of the NA62 experiment is chosen to
be smaller than it actually is (10m in stead of 80m), this is because the transverse
size of the detector is quite small and particles decaying at the beginning of the
detector can escape detection by going into the sides of the detector volume. Also
we have chosen the more conservative value for the number of POT of 1× 1018 in
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stead of 5× 1019 to match it with the sensitivities of NA62 found in the literature
which all use the former value.

Figure 5.1: Sensitivity of beam dump experiments at CERN for electron dominant
mixing (U2

e : U2
µ : U2

τ = 1 : 0 : 0). The dotted red line is the NA62 DUMP
experiment for NPOT = 5× 1019.

5.2 Results for LHC Based Experiments

For the LHC experiments the specifications of the experiments are listed in table
5.2. For all the experiments we do not know the efficiency of the detectors so we
will set ϵdet = 1. The total number of D or B mesons is 4.4 × 1016 and 3 × 1015

respectively.
To match the Codex-b result with the literature we have chosen an integrated lu-
minosity of 300fb−1 (solid line in figure 5.2) and compared it to the high luminosity
3000fb−1 (dotted).

5.3 Results for DUNE ND

The specifics of the DUNE experiment are given in table 5.4 and the sensitivity is
given in figure 5.3. We only consider the decay of Ds mesons since they contribute
to the most of the sensitivity curve in the most relevant region. Again we will
optimistically set the detector efficiency to unity. Furthermore, due to background

50
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Experiment ldec ltarget−det ηmin ηmax ∆ϕ

MATHUSLA 38.5m 192.5m 0.9 1.6 π/2

Codex-b 10m 26m 0.13 0.54 0.389

FACET 26m 100m 6.2 7.6 2π

FASER2 10m 480m 6.86 ∞ 2π

Table 5.2: Relevant parameters for the estimation of the sensitivity region for
various experiments at the LHC.

Meson M B+ B0 Bs B+
c D+ D0 D+

c

LHC 0.324 0.324 0.088 2.6× 10−3 0.225 0.553 0.105

SHiP 0.417 0.418 0.09 ? 0.207 0.632 0.088

Table 5.3: Fragmentation fractions for heavy mesons at LHC ([35] [65] [66]) and
SPS ([32][67]) energies.

Figure 5.2: Sensitivity of various BSM experiments at LHC for electron dominant
mixing (U2

e : U2
µ : U2

τ = 1 : 0 : 0). The blue solid line is the sensitivity of Codex-b
for 300fb−1 and the dotted line for 3000fb−1.

considerations we must up the level of the contour plot to 85 particles [68]. NPOT =
7.7× 1021
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Experiment NDs ldec ltarget−det ∆ϕ θmax

DUNE ND 2.2× 1016 5m 574m 2π 6 mrad

Table 5.4: Parameters of the DUNE ND experiment for the estimation of its
sensitivity to HNLs only taking into account Ds mesons.

Figure 5.3: Sensitivity for HNLs from Ds mesons at DUNE ND for electron dom-
inant mixing (U2

e : U2
µ : U2

τ = 1 : 0 : 0).

5.4 Comparison to Literature

We will now overlay our results with previously obtained results and see where
they coincide and where they deviate and discuss the significance of these possible
differences.

5.4.1 Comparing the extracted beam lines at CERN

See figure 5.4 for the comparison of our results to results from the literature. We see
the results are in good agreement especially the results from SHiP [56]. The NA62
results are the most deviant especially in the B meson regime. These discrepancies
might be resolved by implementing more detailed kinematical effects.

5.4.2 Comparing results for the LHC based experiments

We see that the results are in fairly good agreement with previous results obtained
from the literature and are more close than our beam dump experiments. Es-
pecially the MATHUSLA sensitivities and only deviate slightly in the D meson
mass region (up to 2GeV ). Also the bump around 1.5GeV for the Codex-b exper-
iment is not there but is impossible to get rid of since the general profile of the
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Figure 5.4: Comparison of the previous results with data found in literature. The
NA62 result is from [69], SHADOWS from [49] and SHiP from [56].

lower bound is dictated by the various branching ratios in this particular case the
branching ratio of the Ds meson.

Figure 5.5: Comparison of the sensitivities found in the previous section for LHC
based experiments with results from the literature. The FACET result is from
[70], Codex-b from [71], MATHUSLA from [56] and FASER2 from [70].
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5.4.3 Comparing the DUNE ND result

The result for the DUNE ND experiment matches very well keeping in mind we
only consider Ds meson decay while the lower and middle ”peaks” are from pions
and kaons respectively.

Figure 5.6: Comparison of the DUNE ND sensitivity with the literature [72].

54
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Chapter 6
Conclusions

In this thesis we consistently compared the sensitivity estimates various experi-
ments probing HNL phenomena in particular we looked at Heavy Neutral Leptons.
We can draw a number of conclusions:

• The methods outlined and implemented in this thesis produce results that
match well with sensitivity estimates from the literature that often utilize
more elaborate but error prone methods like Monte Carlo simulations to
calculate their sensitivity curves. Our methods are more transparent and
could be used to verify these more sophisticated methods.

• Our flexible method is fast and can come in very handy for quick calculations
of new estimates in the case of design changes, the proposal of an entirely
new experiment or other developments in the field.

• The SHiP experiments shows the highest sensitivity and together with MATH-
USLA and FACET covers the parameter space of all the other experiments
combined. The superiority of SHiP is predominately evident from its lower
bound, which is largely due to its high POT. MATHUSLA has a slight ad-
vantage in masses above 2 GeV since the higher energy of the LHC allows
for more heavy particles like in our case B mesons. The high maximum mass
of the FACET is due to its superior upper bound that extends all the way to
the kinematical threshold. The upper bound is determined by the distance
of the decay volume from the target to the detector and the gamma factor
of the HNL. The upper bound is determined by the fact that particle decay
before it can reach the detector, so the closer to the detector the better the
upper bound. If the detector is not close, a particle with a high gamma
factor might still decay inside the decay volume due to time dilation. We
can generally state that U2

max ∝ γN/ltarget−det. The fact that FACET has a
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the better upper bound is because it is closer to the detector in the case of
FASER and MATHUSLA and is better than Codex-b because FASER covers
the forward region which has more particles and with higher gamma factors.

Figure 6.1: Sensitivities of the all the previous results combined together with
areas of parameter space already excluded by experiment [73] together with the
Seesaw and BBN [74] limits. The Seesaw limit is calculated by the seesaw relation

U2
e ∼ mν/MN , where for active neutrino mass we choosemν =

√
∆m2

atm ≈ 0.05eV
[33].
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