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ABSTRACT

A proposed future circular e*e” collider, the FCC-ee, is suggested to
search for sterile neutrinos. The Neutrino Minimal Standard Model,
vMSM, is a model of sterile neutrinos, that accommodates explanations
for several phenomena of physics beyond the Standard Model. This thesis
presents an overview of the theoretical motivation for vMSM, an outline
of the experimental conditions at the FCC-ee, and a review of previous
accelerator bounds for sterile neutrinos.

Two studies of sterile neutrinos with masses at the electroweak scale
are introduced, an analysis of long lived sterile neutrinos, and an analysis
of short lived sterile neutrinos. Both analyses include background studies
and sensitivity estimates for the FCC-ee detector.

The study of long lived sterile neutrinos is based on a search for
detectable displaced vertices with 10'* Z decays, obtaining a search reach
on the mixing angle |0]* as small as 107" The study of short lived sterile
neutrinos is a Monte Carlo study with a cut-based analysis, where a
detector parametrisation of the FCC-ee detector, inspired by the CLIC
detector design, is used. Background events were generated corresponding
to a total number of 1.43 - 108 Z events, corresponding to a luminosity of
L =3.33 fb~'. A search reach on the mixing angle with coupling to the
muon neutrino on [0,n* ~ 1077 — 107 was achieved for sterile neutrino
masses from 10 to 80 GeV.






CHAPTER

INTRODUCTION

sHE present knowledge and understanding of the most fundamental
substance of the Universe, elementary particles, and their inter-
actions, are built on several decades of theoretical as well as ex-
perimental research. To give a profound review would require a study
dedicated for the purpose, hence just few highlights are outlined.

The first discovered elementary particle, the electron, was measured
in the end of the 19th century. In the early 1900s, quantum mechanics
was born, and a new understanding of the atomic structure and its nature
was established. In 1930 Pauli postulated the existence of the neutrino to
explain the continuous energy spectrum in beta decays.! From around
1950 and onwards, an proliferation of new particles were discovered,
including the electron neutrino. They were later organized in what is
known as the Standard Model, a theoretical framework describing the
elementary particles and their interactions, developed in the 1960s and
1970s. The Higgs boson predicted in the 1960s was discovered half a
century later, in 2012 at CERN; the largest particle physics laboratory
on earth, operated by a large international collaboration between many
nations and thousands of scientists and engineers.

The Standard Model (the SM) has successfully been tested over time to a
very high precision. Itis outstanding in describing the observed elementary
particles and their interactions, and has as well accomplished predicting
phenomena and particles. However, the SM leaves unanswered questions,
since it lacks explanations of well-established observed phenomena, such

)
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YT have done a terrible thing, | have postulated a particle that cannot be detected.” - Wolfgang
Pauli.
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as dark matter, neutrino oscillations, and matter-antimatter asymmetry in
the Universe, referred to as Baryon Asymmetry of the Universe (BAU).

Several extensions to the SM have been developed, each suggesting
a solution to the yet not explained phenomena. This thesis has its focus
on the Neutrino Minimal Standard Model, vMSM, which extends the SM
by three right-handed heavy neutrinos (also called sterile neutrinos or
heavy neutral leptons). The vYMSM encompasses explanations of neutrino
oscillations, dark matter, as well as the BAU.

A prior search for sterile neutrinos at masses higher than a few GeV
was performed at the DELPHI experiment[1] at the former Large Electron
Positron Collider (LEP) located at CERN, and those results are yet govern-
ing the best limit so far. A future 100 km long electron-positron collider,
Future Circular Collider (FCC-ee), has been proposed to be built at CERN,
followed by a high energy proton-proton collider (FCC-hh).

FCC-ee is planned to run as a high precision machine, following the
treads of LEP, yet with many orders of magnitude higher statistics, which
is reachable due to new technology. With this amount of statistics, very
rare decays can be examined, such as sterile neutrinos.

This thesis presents a study of new hypothetical particles referred to
as sterile neutrinos, in the proposed FCC-ee experiment. In the first
part, a theoretical background is outlined followed by a description of
the experimental conditions. The second part contains two analyses; a
reproduced study of the FCC-ee detector sensitivity of detached vertices
originated from sterile neutrino with long lifetime, and a Monte Carlo
study of sterile neutrinos with short lifetime. The purpose of the Monte
Carlo study is to estimate a limit for the FCC-ee sensitivity, and to gain a
better estimated limit than the former established DELPHI limit.
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CHAPTER

THEORETICAL BACKGROUND

=N this chapter the Standard Model and its successes is introduced
briefly to serve as background for the following presentation of
=i the shortcomings of the model, since the introduction of sterile
neutrinos mends some of these deficiencies. The Neutrino Minimal
Standard Model, vMSM, and the predictions of the model is described
and finally the phenomenology of the sterile neutrino is presented.

2.1 Standard Model

The Standard Model (SM) [2], [3], [4] is a model of the most fundamental
substance of Nature, elementary particles and their interactions, tested to
very high precision. The theoretical framework is based on quantum field
theory with the underlying gauge groups SU(3) x SU(2) X U(1). Elementary
particles carry intrinsic quantum numbers such as electric charge, colour
charge, weak isospin, and weak hypercharge. The SM incorporates an
unified description of the electromagnetic and the weak force, which com-
bined is referred to as the electroweak force. The electroweak symmetry
is based on SU(2) x U(1), for which the weak isospin I3, and the weak
hypercharge Yy are related by the electric charge Q =I5 + 1Y, which is
always conserved. Colour charge is related to the strong interaction based
on SU(3), where particles are bound in so-called colourless states.

The SM describes three of the four known fundamental forces; the strong,
the weak and the electromagnetic force mediated by the force carrying

5
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particles, gauge bosons. Gravity is not described within the SM. The
SM constitutes two type of particles: fermions, the matter particles, and
bosons, the force-carrying particles. Every particle in the SM, is associated
with an anti-particle of the same mass, but with opposite physical charge,
except of the photon y, the Z boson, and the Higgs boson, which are their
own anti-particles.

The fermions, are spin-1/2 particles and are divided into two groups;
leptons and quarks. Leptons inhere three charged leptons; the electron, e,
the muon, p, and the tau, 7, and three neutral leptons, the neutrinos with
the corresponding flavours; v,,v,, and v,. All fermions, occur in three
flavour families, or generations, each with left-handed SU(2) doublets
and right-handed SU(2) singlets. An exception to this appears to be the
neutrinos, which seem to occur only as left-handed. The first generation
of fermions contains the up- and down-type quarks, u and d, the electron,
e, and the electron neutrino, v,; grouped in the left-handed doublets (1, d);.
and (e, v); and the right-handed singlets ug, dg, er, with v left out. Here
L and R refers to the left- and right-handed components, or the left- and
right-handed chiral states, obtained by the chiral projection operator acting
on a Dirac wave function 1, by:

1+9°

YrL = Priyp = ——1 2.1)
The distinction arise from the experimental evidence, that the charged
current interaction, mediated by the W-boson, exclusively couples to
left-handed (LH) particles and right-handed (RH) anti-particles. The
fermions, their charge, spin and masses are listed in table 2.1. The limits
on neutrino masses in table 2.1 are based on direct measurements and do
not include data on neutrino oscillations.

The leptons, electrons, muons and taus, with their respective neutrinos,
all interact via the weak interaction, mediated by the Z- and W-boson. All
leptons, except the neutrinos, interact electromagnetically governed by
quantum electro dynamics (QED), mediated by the photon, y. All quarks;
u,d,c,s,t,b carry colours, red, green, blue. Anti-quarks carry anti-colours.
Quarks interact both via the electromagnetic force, the weak force, and via
the strong force, which is governed by quantum chromo dynamics (QCD),
and mediated by the eight gluons, g. As for the quarks, the gluons carry
colour charge, which is why the gluon is self-interacting contrary to the
photon. The strong coupling constant, a;, decreases as energy increases,
known as asymptotic freedom. The opposite phenomena, when energy
decreases causes an increase of a,, and is defined as colour confinement.
Due to colour confinement, quarks are bound in colourless states called
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hadrons, which include mesons (quark-anti-quark pairs, 47) and baryons
(999 or 449). Hadronization is the process of hadron formation, which in
high-energy processes produces jets; tight cones of particles created by
hadronization.

All fermions (leptons and quarks) interact with the Higgs boson, and
the couplings are proportional to the fermion mass. The Higgs boson
is an excitation of the Higgs field, which is responsible for the fermion
masses as well as the mass of the Z- and W- boson, through spontaneous
symmetry breaking. All force carrying particles, and the Higgs boson are
listed, with their charge, spin and mass in table 2.2.

Helicity is an important property in the SM, since the SM distinguish
between LH and RH particles. Helicity describes whether a particle’s spin
and momentum are in same direction, defined by: h = %. If momentum
and spin are in the same direction, the helicity is positive, if momentum
and spin are pointing in opposite directions, the helicity is negative. For
particles with mass, helicity is not Lorentz invariant, since a change of
reference frame can make the particle move, relatively, in the opposite
direction. Hence helicity depends on the reference frame, while chirality
does not and is thereby Lorentz invariant. For massless particles, and
in the E > m limit, helicity corresponds to chirality, causing positive
helicity equate RH chirality, whereas negative helicity equate LH chirality.
Chirality is defined through the projection operator in equation 2.1, with
eigenvalues on +1. It is related to weak isospin, with fractional isospin
associated with negative chirality (LH particles), and zero weak isospin
associated with positive chirality (RH particles) [5].

2.1.1 Conserved Quantities in the SM

A number of quantities are observed to be conserved within the SM.
Violations of such conservations are in general sought, since it would be
an evidence of physics beyond the SM.

The SM accommodates a number of symmetries which each associate
to a conserved quantity, due to Noether’s theorem'. In every interaction,
the energy, momentum, and angular momentum are conserved as well
as the quantum numbers; Q, L, B, and I; electric charge, lepton number
for each lepton flavour, baryon number and weak isospin, respectively.
The symmetry CP, the combination of charge conjugation C with parity
transformation P, is conserved for strong and electromagnetic processes,

!E.g. translation symmetry correspond to momentum conservation and time invari-
ance correspond to energy conservation.
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Particle name Symbol EM charge Spin Mass [MeV]

electron e -1 1/2 0.511
electron neutrino Ve 0 12 <22-10°°
muon u -1 1/2 106
muon neutrino vy 0 1/2 <17
tau T -1 12 1777
tau neutrino Ve 0 1/2 <155
up u +2/3 1/2 ~ 23
down d -1/3 1/2 ~ 4.8
charm c +2/3 12 ~13-10°
strange s -1/3 1/2 ~ 95
top t +2/3 1/2 ~173-10°
bottom b -1/3 1/2 ~42-10°

Table 2.1: The matter particles of the Standard Model with their charge,
spin, and mass [6].

Particle name Symbol EM charge Spin Mass [GeV]

photon y 0 1 0
Z-boson Z° 0 1 91.19
W-boson W= +1 1 80.39

gluon g 0 1 0
Higgs boson H° 0 0 125

Table 2.2: The force particles and the Higgs boson of the Standard Model
with their charge, spin, and mass [6].

but is violated for some weak interactions, for instance in K°-decays. The
symmetry CPT, the combination of CP with time reversal T, has only been
observed as a conserved quantity.

2.1.2 Successes of the SM

The SM constitutes a complete theory from a theoretical point of view.
High precision measurements performed so far show that it is also a
consistent theory, which is summarised in figure 2.1.

Via precision measurements of the electroweak parameters of the
Z-boson, the mass of the W, top, and Higgs can be predicted. The
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properties of the Z boson, such as its width and couplings measured
through asymmetries, etc., are affected via loop corrections. Those loop
corrections are especially affected by the top mass, and to some extend by
the Higgs mass. The weak mixing angle 0y, measured via asymmetries,
are connected to the W mass by the relation my = mz cos(Ow).

The predictions and measurements are consistent within two standard
deviations as shown in figure 2.1, where the predictions of the W, top
and Higgs mass are confined within the grey circles, and the green areas
shows the direct measurements of the top and W mass. The measurement
of the Higgs-boson at my = 125 GeV, confines the circles to the blue area.
This puts constraints on new physics. If new particles exists they must
either be very heavy or be an extension to the model that only minimally
affect loop corrections of the Z-boson, such as e.g. sterile neutrinos.

; [ T T T T I T T T T I T T T T I LIS V‘ T T I T T T T T ,l,_
8 [ 68% and 95% CL contours { ™ ‘gs:‘:;:';:’G:J" ]
= 80.5 — [l fitw/o M, and m, measurements i} -- 0=0.76 GeV . —]
E; - fit w/o M,,, m _and M, measurements | —0=076 ®0.50,,;GeV 7l
C direct M, and m, measurements o : ]
80.45 — ; .

80.4 / ) —
- M, world comb. = 1o o o 4
80.35 [— m,, =80.385 = 0.015 GeV . : =
80.3 — —
- - KY - o - -
- R o® N -
L £ ,\.f,-\b‘ Q,gmcfe/ o 0; - : 2]
80.25 = T W& oW €] fitter]-.J: ]
C ’I(/’ 1 1 1 1 1 1 1 llr 1 1 1 L”/I 1 ‘ l‘ 1 1 I 1 1 1 1 I 1 I_

140 150 160 170 180 190

m, [GeV]

Figure 2.1: Direct measurements of the top and W mass (green areas).
The grey area shows indirect constrains of m;, my, and my obtained from
measurements of electroweak parameters of the Z boson. The Higgs mass
measurement confines the constraints to the blue area [7].

2.1.3 Shortcomings of the Standard Model

The SM excels in numerous predictions and measurements, and yet no
measurement from the laboratory is inconsistent with the SM. However,
a number of observed phenomena in both astro-physics, astro-particle-
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physics, and cosmology remain unexplained by the SM, some of them
are listed here. The experimental observation of neutrino oscillations[8]
require the neutrinos to be massive, and imply that lepton flavour numbers
are not conserved for each flavour individually, is a clear manifestation of
physics beyond the SM. The origin of Dark Matter [9], the observed excess
of non-luminous, non-absorbing matter, is not included in the SM. And
lastly, the relatively small degree of CP-violation in the Standard Model is
not adequate to explain the large excess of matter over anti-matter in the
Universe, refered to as Baryon asymmetry in the Universe [10].

2.2 Active Neutrinos

From measurements of charged current (CC) interactions, it has been
determined, that the CC exclusively couples to left-handed particles and
right-handed anti-particles, which is why a right-handed neutrino was
not introduced when the SM was formulated. Hence the neutrinos were
thought to be massless.”?

In the 1970s a deficit was found by the Homestake experiment [11]
between the flux of the measured electron-neutrinos from the sun and the
predicted flux, which is known as the solar neutrino problem. Neutrino ex-
periments before SNO [8] were only sensitive to v, interacting via charged
current interactions, while the SNO experiment was sensitive to the sum
of neutrino flavours interacting via neutral current interactions. The total
neutrino flux from the sun, consistent with the predicted flux, was thus
later measured by SNO. In 1998 the oscillation of atmospheric neutrinos
was measured with a deficit of v, indicating oscillations of v, into v, [12].
The measurements of solar and atmospheric neutrino oscillations were
later confirmed by accelerator [13] and reactor experiments [14].

Oscillations of neutrinos imply that the neutrinos are massive and
mixed particles. The probability of a neutrino to oscillate into another
flavour is dependent on the mixing angle 0, the mass difference of the
mass eigenstates, the oscillation length L, and the neutrino energy E,. The
probability of oscillations from v, to v, is® [5]

ZFermions acquire mass by the Dirac mass term, that mixes left and right chiral
fermions.

3The expression is valid for the case of two neutrino generations only, and is here
chosen in order to simplify the cumbersome expression for oscillations with tree neutrino
generations.
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iL, (2.2)
In order to oscillate, neutrinos need to ‘sense’ time and space, which only
massive particles are capable of.

In the minimal case when there are only three mass eigenstates, neutrino
oscillations are transitions between the flavour eigenstates, v,,v,, and
v, propagating via the mass eigenstates; 11,v,, and v; with the mixing
parametrised in the 3 X 3 PMINS matrix:

2 _ 2
P, —v,) = sin?(20) sin® (M)

Ve uel UEZ ue3 V1
Vul= Uyl uyz uyg Val. (23)
Ve uTl UTZ u73 V3
The PMNS matix can be parametrised by [15]:
C12513 S12C13 S13e”"0cr
5 5
Uppns = | —S12C23 — €12523513€"°P  —C12523 — S12€23513€"°7  $23C13 (2.4)
io 5
81223 — €12823513€"°"  —C12823 — $12€23513€"°"  €23C13
X diag(1,e2/?,¢%/2), (2.5)

where ¢;; and s;; denote cos(0;;) and sin(0;;), respectively, with 015, 013, and
0,3 being the three mixing angles, dcp is a CP-violating phase, and ay1, a3
represent potential Majorana phases, with the current measurements [15]
listed in table 2.3.

Parameter best-fit 30

sin” 64, 0.217  0.250-0.354
sin? Oy, 0.437  0.379-06.16
sin’ 013 0.0214 0.0185-0.0246
Scp/ Tt 1.35 0.92-1.99

Table 2.3: Current measurement of the mixing angles and CP-violating
phase of the PMNS matrix [15].

The oscillations occur due to the mass difference of the mass eigenstates,
but since only the absolute value of the difference of the squared masses
can be derived from the measurements, it results in an undetermined
mass hierarchy. Two mass hierarchies are possible, normal mass hierarchy
and inverted mass hierarchy, which are sketched in figure 2.2.
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m; —f— — Vg e —  —1— 113

pe— N

mi] == 11 V3 N, e—pe— ms

Figure 2.2: The two possible neutrino mass hierarchies, normal to the left
and inverted to the right. Yellow indicates the v, flavour eigenstate, red
the v, flavour eigenstate, and blue the v, flavour eigenstate. The size of
the colour box is proportional to |U,;[> with a = ¢, u, T and i = 1,2,3 [16].

The current measured mass differences between the propagation states
are [15]

Am3, = (753 +£0.18) - 107° eV?, (2.6)

Am3, = (2.45 +0.05) - 107 eV>. (2.7)

where the value of Am3, comes from measurements of neutrinos coming
from the sun, and Ams3, from the atmospheric neutrinos. The quoted value
for Am3, is under the assumption of normal mass hierarchy. With inverted
mass hierarchy, the value is Amj, = (2.52 +0.05) - 107 eV.

Since measurements of neutrino oscillations only are sensitive to the
mass differences squared, the absolute mass scales of the neutrinos are
unknown. However, measurements from the Planck satellite obtained a
constraint on the sum of the neutrino masses of }_; m; < 0.23 eV, indicating
the smallness of the neutrino masses.[17].

The number of light neutrino generations were measured by LEP [18]
via the invisible width of the Z-boson. The number of neutrino generations
were determined via the invisible width of the Z, that was measured by
the total width of the Z, when assuming lepton universality. The result is
shown in figure 2.3 and found by the relation:
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meas SM
I; '
Nv — inv / Vi , 28
(Flept ) ( 1—'lept ) ( )

N, =2.9840 + 0.0082 [18]. (2.9)

with a value of

N, can be observed to be almost two standard deviations below the integer
number three, a likely insignificant, but interesting deficit in the expected
direction due to suppression, if sterile neutrinos are present, as pointed
outin [19].

= 2
3
Z3| ALEPH |2\
DELPHI I -\
1] /4w \\
L3 / / W
OPAL I \
20 i/
.‘",’" W
t average measurements, |/ A\
error bars increased |/ \\;\
by factor 10 Vi W
10 | / \

0 86 88 2 92 94

E_ [GeV]

Figure 2.3: Number of neutrino generations N, measured via the total
width of the Z boson by LEP [18].

2.3 Sterile Neutrinos

The addition of right handed neutrinos is an elegant and simple extension
to the Standard Model [20] [21]. All fermions in the SM, except the neutrino,
have a left-handed and a right-handed component, which is illustrated
in figure 2.4 to the left, and with the implemented sterile neutrinos to
the right. The right-handed neutrino has zero electric, weak and colour
charge, which is why it is also called sterile. Thereby it only interacts via
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the Yukawa coupling to the Higgs field* and the active neutrinos. Several
right-handed neutrino models have been developed, proposing masses
of the right-handed neutrino all the way from eV-scale up to GUT-scale
(10'® GeV). The Neutrino Minimal Standard Model, vMSM [22], is a right-
handed neutrino model restricted by certain constrains giving rise to a
set of parameters. The YM'SM accommodate a number of shortcomings of
the SM, such as the unexplained neutrino masses, dark matter, and the
baryon asymmetry of the Universe, and shares all its successes. The model
describes sterile neutrinos with masses below the electro-weak scale. In
the following sections, first a general implementation of right-handed
neutrinos and the Seesaw mechanism are introduced, followed by an
introduction to the vMSM.

SM nuMSM
Mass -« 1.27 Gev 171.2 GeV mass— 2.4 MeV 1.27 GeV 171.2 GeV
charge - % C % t charge— |24 u %4 C %4 t
name - charm op name-» up cham op
104 MeV 4.2 GeV 4.8 Mev 104 MeV 4.2 GV
= -1 S -¥s b é} =15 d =Y S =5 b
X ©
‘;‘-) bottom o down sirange bottom
DeV <0.0001 eV /10 ke | ~0.0LeV [ ~Gev || ~0D.04eV [ ~GeV
0 0 0 0
Vs Ve Nl V N2 V; |\|3
S .
{1 electr M g sterile
neutfino e Sterde | eUNNg nediirin
0.511 Mev 105.7 MeV 1.777 GeV = 0.511 Mev 105.7 MeV 1,777 GaV
0 (-1 -1 -1 5|2 -1 -1
) electron muon tau = electron muon tau
il

Figure 2.4: SM vs. vYMSM, with and without right-handed neutrinos [23].

2.3.1 Introducing one Sterile Neutrino

In this section one sterile neutrino is introduced as an extension to the SM.
The discussion is based on [24]. In the SM, neutrinos are implemented
as massless particles with the left-handed neutrino fields exclusively. A
Dirac mass term can be generated through the standard Higgs mecha-
nism introducing a right-handed neutrino field, this breaking the SM

The right-handed neutrino only couples to the Higgs field via its Dirac mass term.
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assumption. For simplicity only one neutrino field is considered at first,
v = vp + v, with the Dirac mass term:

LP = —mpvv = —mp(Vrve + VLvR) (2.10)

where mp = yv/ V2, with y being the dimensionless Yukawa coupling, and
v = 246 GeV the vacuum expectation value of the Higgs field. The chiral
left-handed and right-handed neutrino fields, v, and v, are obtained by
acting on v with the chiral projecting operators, P; and Pg, defined in
equation 2.1, implying Pyv; = v, Prvg = vg, and Prvg = Pryvp = 0.

The Dirac mass term cannot explain naturally the smallness of the
neutrino mass compared to that of the electron, the lightest of the other
fermions, which is why the possibility of a Majorana mass term is explored.

The Majorana condition, (¢ = ¢°) implies that a spinor, denoted by 1,
is equivalent to its charge conjugate, meaning that a Majorana particle
is its own antiparticle. A general Majorana field can then be written as
Y=L+ Y

Acting with the projecting operators on the Majorana neutrino fields,
yield: Prve =0, Pvg =1, Prv§ =0, and Prvt = vE. Which means that
v is left-handed and v{ right-handed.

If both the left-handed and right-handed chiral fields exist and are
independent, a Majorana mass term is allowed for the neutrino field
vg and is obtained using the Majorana condition in the mass term from
equation (2.10)

1 — _
.£?{I = —EmM(vng + VRVE), (211)

with the Majorana mass, m,,, and a factor 1/2 to account for double count-
ing, since the hermitian conjugate is the same.

Then a combined Dirac-Majorana mass term can be written as

LPM = Py oY (2.12)
1,— 0
= (+C ) (mD :ZZ) (KI%) +hec., (2.13)

where h.c. denotes the hermitian conjugate. In order to find the fields
with definite masses, the matrix must be diagonalised. It is convenient to
rewrite the expression as
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1_
LPM = ENEMNL +hec., (2.14)
where M = ( 0 mD) and N = (Vé)
mp My VR

The left-handed field, N, can be written in terms of the vector n; containing
the mass eigenstates and a unitary matrix U

NL = UHL, with ny = (Vl'L), (215)
V2L
where U is chosen such that M gets diagonalized:
umu =™ 0 (2.16)
- 0 m2 . .

Considering a real mass matrix, the mixing matrix U can be written as a
product of two orthogonal matrices U = Op, which

[ cos@ sinO _[p1 O
O_(—sinG cos@)’ p_(O pz)’ 2.17)

where 0 is the the mixing angle between the active and sterile neutrino
field. O is chosen such that

T _(m; 0
O MO = ( 01 mé) (2.18)

and the phase, p; = +1, k = 1,2, is chosen to insure that the masses are
positive

1 0 ) (2.19)

This leads to

2 1
tan(20) = mig\f' my, = 5 (mM + \fm3, + 4m2D). (2.20)

The diagonalised Dirac + Majorana mass term then becomes

1 -
LM = 5 Z My v + hec., (2.21)
k=12

which is a sum of Majorana mass terms for the massive Majorana neutrino
fields

Ve=ve +vg, k=12 (2.22)
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The most plausible and interesting case of parameter choice is the Seesaw
mechanism, where |mp| < my. In this limit the expression in equation
(2.20) becomes

my,
7’1’1;/1 X mpy x (mM + 2m—) , (223)

M

N

which leads to the expressions for the three parameters

2

m m
m~—2 < |mpl, my~my, tanf~ —2 < 1. (2.24)
My My

In the Seesaw mechanism, m; thereby gets suppressed by the small
ratio mp/my. Since my; and m, are of the same order, a heavy v, then
corresponds to a light v;. The Dirac mass, mp, is expected to be generated
through the standard Higgs mechanism, and is presumed to be of the same
order as the masses of other fermions in the given generation, whereas
the Majorana mass, myy, is a free parameter.

For very small mixing angles, the neutrino fields can be identified as
vy & —vpand vy & VIC{ obtained from equation (2.15). This implies that
the v is practically the active neutrino participating in weak interactions,
whereas the v, is a heavy neutrino practically decoupled from interactions
with matter.

2.3.2 Introducing three Sterile Neutrinos

Introducing three sterile neutrinos to the SM is more cumbersome, but in
its essence the same principle as in the previous section, and hence not
described as much in detail.

The three active neutrino fields are now denoted v, v, V.1 and the ster-
ile neutrino fields, vs,g, Vs,r, Vs;r. The corresponding Dirac and Majorana
mass term can be written

L0 ==Y Mbvy + he, (2.25)
o

L= _% Y VM g + ic.. (2.26)

5,8’
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In the same way as in equation (2.14) the terms can be written in one
Lagrangian with

C

VL VeL Vis
N, = (vc) , where v =|v,|, and vlg = VSEZR , (2.27)

R VTL VS3R

. : 0o M\ . D R 1
and with the 6X6 matrix M = MP MR ) with M~ and M" being 3x3
matrices representing the Dirac mass matrix and the sterile mass matrix,
respectively.

As for the example with only one neutrino field, the matrix gets diago-
nalised resulting in a mass matrix

, _ (Miigne 0
M _( : Mhmy)' (2.28)

The matrix U used to diagonalise M’ includes the standard PMNS matrix
with mixing of the active neutrinos, and the mixing angles 0,; with
a =e, 1, Tand i = 5,5, 53 that mixes the sterile neutrinos with the active
neutrinos.

2.3.3 vMSM

The vMSM is a minimal extension to the SM that constrains three right-
handed, sterile neutrinos with masses below the electro-weak scale.

To explain the phenomena of neutrino oscillations, the number of imple-
mented singlet neutrinos must be N > 2. It turns out that the same two
sterile neutrinos that are responsible for the neutrino oscillations, can
generate Baryon asymmetry of the universe, if their masses are below
that of the W boson and very close to each other [10], [25]. Both neutrino
oscillations and dark matter can be accounted for by the model if N' = 3.
With three sterile neutrinos, the lightest is favoured as a Dark Matter
candidate. With three sterile neutrinos, the symmetry between the quarks
and leptons can be restored: For every left-handed fermion there will be
a right-handed counterpart. For the sterile neutrino to be a dark matter
candidate, the mass is restricted to the keV range and the lifetime has
to be greater than the age of the Universe, and this restricts the mixing
angle. For that reason it cannot contribute to the active neutrino mass
matrix, which is why three sterile neutrinos are needed to account for
both neutrino oscillations and Dark Matter [25].
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For N = 2 the number of free parameters is 11, with 2 Majorana masses,
2 Dirac Masses, 4 mixing angles and 3 CP violating phases. If N' =3, 18
free parameters are obtained with 3 Majorana masses, 3 Dirac Masses, 6
mixing angles and 6 CP violating phases [25].

Dark Matter

The observed anomaly between the amount of visible matter and the
rotation of galaxies, has lead to the introduction of Dark Matter (DM);
a substance non-luminous and non-absorbing, only interacting through
gravity, thus the name. The constituents of DM are still unknown, and a
number of hypothetical candidates have been proposed, such as Weakly
Interacting Massive Particles (WIPMs) and Axions [9]. If three sterile
neutrinos exist, one of the singlet fermions in vYM\SM could thus be a DM
candidate.

Baryon asymmetry in the Universe

Baryon asymmetry of the Universe (BAU) refers to the imbalance between
observed baryonic matter and anti-baryonic matter in the Universe. Its
origin is still unknown, since the Standard Model CP-violation, cannot
explain the extent of the observed asymmetry [10].

In the vMSM, the BAU can be explained by the CP-violating oscillations
of sterile neutrinos in the early Universe. At the electroweak epoch, these
oscillations created the asymmetry in the left- and right-handed lepton
sector. The asymmetry in the left-handed sector was converted into the
baryon asymmetry via processes known as sphalerons’ [25].

Predictions from 1MSM

In order to make a theory testable, it needs to make predictions. Four
predictions of the vYMSM are presented here [25]. Firstly, the Higgs boson
was predicted in the mass interval [126;194] GeV, and was discovered
in 2012 at LHC [26] [27] within the theoretical uncertainty from [28].
Secondly, one of the active neutrinos must be very light m; < 0(107°) eV.
This fixes the other two active neutrino masses to m, ~ 9-107% eV and
mz ~5-107% eV for normal hierarchy and m,5 ~ 5- 1072 eV for inverted
hierarchy, in agreement with equation (2.6) and (2.7). Thirdly, an effective
Majorana mass for neutrinoless double decay can be determined. For
normal hierarchy the constraints are 1.3 meV < mz < 3.4 meV and for

SSphalerons are a saddle point solution to the electroweak field equation.
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inverted hierarchy: 13 meV < mg; < 50 meV. And lastly, negative results
in direct and indirect search for weakly interacting massive particles,
proton decay, neutron oscillations, and extra sources of CP-violation in
the hadronic sector. So far the predictions are in agreement with the
observations.

If all predictions holds it supports the existence of sterile neutrinos. In
order to verify the model, an observation of a sterile neutrino is required.’

2.4 Physics of the Sterile Neutrino

The two main parameters of a search for sterile neutrinos is the mixing
angle between active and sterile neutrinos and its mass, My. For this
study the masses of interest of the sterile neutrino are at the electroweak
scale, specifically between 10 and 80 GeV. The specific coupling between
the active neutrino flauvors and the sterile neutinos states is denoted by
0,j, withi = e, u,7, and j = 1,2, corresponding to the sterile neutrinos,
where the third sterile neutrino is assumed to be the dark matter candidate
why it couples very weakly to the active neutrinos as pointed out above
[29]. The parameter |0 = ¥, ; 61'2,]’ denotes the sum of squares of all mixing
angles.

Through mixing withing the active neutrino, the sterile neutrino can be
produced from Z, W, or Higgs-boson decays [29] and is shown in figure
2.5 in production from a Z boson. For this study, the focus is on a sterile
neutrino produced from a Z-boson.

Figure 2.5: Feynman diagram of the process Z — 7N where N decays via
N — u~qq’. The sterile neutrino is produced and decays through mixing
with an active neutrino.

6”Science walks forward on two feet, namely theory and experiment... but continuous
progress is only made by the use of both” (- Robert A. Millikan).
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The decay width of (Z — v;N;) is [29]:

I(Z - 7:N)) = 0, - T(Z — v;7) - n(?) (2.29)
Z
Gpm®
= 16, - —=2 -H(MN), (2.30)
3V2m mz

where Gr is the Fermi coupling constant, and the indicesi =¢, u,7, j = 1,2.
The charge conjugated is taken into account, implying that equation (2.30)
includes both the decays Z — #;N; and Z — ;N j and is thereby a factor
two larger than the expression for I'(Z — #:N;) in [29], that exclusively
includes the process Z — ¥;N;. The phase space factor is given by

2\2 2
(2 - 1(1 - () ) (2 +(TN) ) (2.31)
ny 2 ny my
The sterile neutrino can decay through the same channels as they can
be produced, via mixing with the active neutrino and decaying through
the Z and W bosons or via the Higgs-boson. The approximate branching
ratios have a small dependence on mass, at masses above 10 GeV and

below the myy as shown in figure 2.6 for the different final states. The mass
dependence is disregarded in the practical application in this study.

In the first study long lived sterile neutrinos are investigated and is
elaborated in chapter 5. In this study, all possible decay modes of the
sterile neutrino are taken into account. In the second study investigating
short lived sterile neutrinos, only fully visible decays with the decay
products u*qg, where the sterile neutrino is decaying through a hadronic
W-decay associated with a muon, are taken into account, as shown in the
Feynman diagram in figure 2.5.” For this study, elaborated in chapter 6,
the branching ratio of relevance is for a sterile neutrino decaying viaa W
with a hadronic decay, denoted "quarks, CC" in figure 2.6, and has a value
of

BR(N — £*q') ~ 50%. (2.32)

A possible signature of a visible decay from a sterile neutrino with a
detached vertex, is characterised by a mono-jet signature associated with
a muon, which are recoiling against an active neutrino, as in figure 2.7.

"Throughout this study, when the process N — u~q7’ is described, it holds as well
for the charged conjugated process and for all possible quark decays according to the
CKM-matrix.
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Figure 2.6: Branching ratios (BR) of sterile neutrino decays calculated by
Oleg Ruchayskiy. BR of final state quarks decaying from neutral current
(Z°) in fully drawn blue, and from charged current (W*) in dashed red.
BR of a fully leptonic decay dotted in green, and invisible decays dotted
in orange. The Branching ratios have a slight mass dependence due to the
phase space.

Figure 2.7: Signature of a sterile neutrino decaying fully visible with a
detached vertex in production from a Z boson [30].
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A power-law approximation of the lifetime of the sterile neutrino which is
coupling to the muon neutrino, 7,, used later in this study, is derived in
[31] for masses below myy:

(2.33)

o 44910 (GeV )5~19 S
ST My .






CHAPTER

EXPERIMENTAL CONDITIONS OF
THE FCC-ee

s HE Future Circular Collider (FCC) project is a long term accelerator
“project proposed at CERN (Conseil Européen pour la Recherche
FES) Nucléaire) at the Swiss-French boarder, as shown in figure 3.1. With
a circumference of 100 km, it is proposed as a two stage project, a potential
initial step of an electron-positron collider (FCC-ee) mainly for precision
measurements of electroweak parameters including Higgs properties,
and an ultimate goal of a proton-proton collider (FCC-hh) aiming with a
collision energy of 100 TeV aiming at direct discoveries of new phenomena
at very high mass scales.

As the historical precedents reveal, lower-energy machines, such as
LEP, have via precision measurements predicted new phenomena followed
by discoveries at higher-energy machines. Examples include the Z-boson,
W-boson, top quark and Higgs-boson [32].

The FCC-ee is a very high luminosity’, high precision collider at an
energy range of 90 — 400 GeV covering the energies at the Z pole, the
WW threshold, the HZ maximum cross section, and the tf threshold.
Since the colliding particles, electrons and positrons, are elementary and
not composite as protons, it has the advantage of no underlying events,
negligible pile-up collisions, and known energy and momentum of the
initial state, hence also the final state energy and momentum are known.

'Luminosity L is defined by the relation between number of events N and the cross
section ¢ for a given production, N = ¢ - L.

25
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Projected luminosities as a function of collision energy is shown for the
FCC-ee in figure 3.2, where it is compared to that of other proposed e*e~
colliders: CECP, a similar circular collider project proposed to be build in
China, and the two linear colliders ILC and CLIC, proposed to be build in
Japan and at CERN, respectively. The ILC collider had originally a scope
of 250, 500, and an upgrade to 1000 GeV, but is in the latest plans focusing
exclusively (at least in its initial phase) on the Higgs factory at 250 GeV.
The CLIC experiment is designed as a discovery machine for high energies,
covering energies between 380 —3000 GeV. The CECP project is in principle
the same design as the FCC-ee but with lower luminosity and not aiming
for the tf threshold. The FCC-ee is covering energies from the Z-pole to
the tf threshold and has extremely high luminosity, especially for low
center-of-mass-energies /s. It is worth noticing, that the luminosity of
FCC-ee is three to four orders or magnitude higher than that of LEP. This
is achieved due to modern accelerator technology developed at B-factories
with very high focusing and top-up-injection [32].

Circular electron and positron storage rings are limited to a maximum
beam energy of about 200 GeV, due to synchrotron radiation, where the
energy loss is proportional to the gamma factor to the power of four over
the bending radius Ej.s o )*/r. For the very light electrons, the y-factor
is very high and thus results in a high synchrotron radiation. Contrary
to efe” circular colliders, linear e*e™ colliders can obtain a high energy
reach but have limited luminosity performance for low energies. Thus,
ultimate precision measurements can be obtained with circular colliders,
while ultimate center of mass energy can be obtained with linear colliders,
making CLIC and FCC-ee complementary.
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Figure 3.1: The FCC ring at the Swiss-French border close to the CERN
site in Geneve [33].
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3.1 Main Physics Motivation for the FCC-ee

The high luminosity of the FCC-ee, allow studies of the SM heaviest
particles, Z, W, Higgs, and the top quark with ultimate precision. The
very high statistics for the four channels have the anticipated order of
magnitudes, Tera Z (10'?), several Oku®* W (10%), several Mega Higgs and
a Mega top (10°).

To improve the existing SM limits and exclude or discover new physics,
several physics programs are on the schedule of FCC-ee. Some of the
priorities at the Z pole, is the measurements of the lineshape, the mass
and width, the weak mixing angle sin®(6y) measured via asymmetries,
and branching ratios. Measuring number of neutrino generations, N,,
and searching for rare decays, such as lepton flavour violation and sterile
neutrinos are also on the agenda. Priorities for the WW and the f threshold
scans are measurements of their respective mass, branching ratios, and
measurement of the strong coupling constant as. The goal of producing
millions of Higgs-boson in a clean environment, is to measure all Higgs
branching ratios at per mill precision, a precision needed to start probing
into interesting regions as predicted by many popular extensions of the
SM [34].

The estimate of improvement on the precision measurement observ-
ables is generally around a factor of 25 on the Z mass and width, and the
W, top, and Higgs mass which will confine the constraints shown in the
Gfitter plot in figure 2.1 by a factor 25 in each dimension [32].

Altogether the main motivation is to test the SM to very high precision and
to set limits for and/or discover new physics. A way to formulate which
limits precision measurements at lower energies puts on new physics is
through the use of effective field theory (EFT). EFTs describe physics at
a given energy scale with a given energy cut-off without describing the
physics in detail in energy regimes out of interest. In other words EFTs
facilitate (in particle physics) a simplification of a given interaction by a
contact interaction, without describing the substructure of the interaction.
An EFT addition to the SM Lagrangian is in general described by [35],
[36]:

Loverr = Lov + Z %Oi (3.1)

where Lg\ is the SM Lagrangian, O; are operators describing new physics,

20Oku comes from Japanese and stands for 108.
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¢; are dimensionless coefficients called the Wilson coefficients, i denotes
the type of the operator, and A is the cut-off at which energy scale new
physics might occur. In figure 3.3 the cut-off energy A, obtainable with
the FCC-ee, is given for the different model-independent operators. It
shows, that FCC-ee can constrain new physics for masses below 15 to
90 TeV, depending on the operator. This is based on the histogram bins,
where the coloured bins represent the precision with current theoretical
uncertainties and the dark bins represent precision without theoretical
uncertainties. At the time when FCC-ee might be operating, the current
theoretical uncertainties are expected to improve drastically. This imply
that precision measurements at the FCC-ee might achieve limits on new
physics at energy scales around 50 — 100 TeV.
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Figure 3.3: New physics reach of FCC-ee precision measurements as a
function of SMEFT operators. Coloured bins represent precision with the-
oretical uncertainties and dark bins represent precision without theoretical
uncertainties [37].

3.2 Accelerator at the FCC-ee

The design of the FCC-ee collider with ~100 km in circumference is
optimized for maximum luminosity by having two separate e*, e~ storage
rings, and one accelerator ring, inspired by the modern B-factories, as
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e.g. SuperKEKB [38]. The electrons and positrons will be accelerated,
and reaccelerated due to energy loss from synchetron radiation, by the
radio frequency (RF) cavaties located at the ring. The lifetime of a beam is
about 15 minutes, constrained primarily by elastic e*e™ scattering, Bhabha
scattering, which is compensated by continous top up injection once per
minute [32].

The accelerator is characterised by a very short bunch spacing, that
throughout the optimisation has varied within the interval 3 — 20 ns. The
very short bunch spacing is challenging due to ~ 20,000 bunches rotating
in each direction. To avoid unintended collisions in the ring, the two
beams are separated and are only brought into collisions in the detector
areas, where the beams cross with an angle of 30 mrad at the interaction
point (IP). The booster, that accelerates the two beams alternately to the
beam energy as well as maintaining the top-up injection, is about 9 m from
the IP for it not to collide with the detector. The two e*, e~ beams are bent
as little as possible before the collision at the IP, to minimize synchrotron
radiation in the detector area, as it is a potential detector background. The
sketch of the accelerator in figure 3.4 shows the separate e” and ¢~ beam
lines in red and blue, the booster ring in green, the IPs and the two RF
sections. The illustration in the middle shows a blow up of the three beam
lines at the IP.
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Figure 3.4: FCC accelererator with separate channels for e* and e~ (blue
and red), booster ring (green), with two interaction points (IP) and two
radio frequency (RF) sections. The illustration in the middle shows the
three beam lines at the IP [37].

3.3 Detector

The experience of building e*e™ detectors at collision energies comparable
to those of the FCC-ee is broad. Examples are detectors at LEP and at
the SLC (at SLAC) and the comprehensive detector design studies for
the ILC project with the two detectors ILD and SiD. The CLIC detector
design developed from a merge of the ILD and SiD detector designs. The
FCC-ee aims for extremely high statistical precision, which demands a
high systematic precision too, and requires very precise detectors.

In general, particle detectors are designed in such a way, that different
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particles leave different signatures. A generic detector is designed with
layers of different sub-detector technologies, usually with an inner tracking
detector, an electromagnetic calorimeter, a hadronic calorimeter, muon
chambers and a magnet system to bend the charged particles. Charged
particles are measurable in the inner tracking detector. Both charged and
neutral particles deposit their energy in one of the calorimeters, except
high momentum muons traversing throughout the muon chambers. The
electromagnetic calorimeter (EM-cal) measures the energy deposit from
particles interacting electromagnetically (electrons and photons). Whereas
strongly interacting particles (hadrons and hadronically decaying taus)
deposit their energy in the hadronic calorimeter (H-cal). Neutrinos are
so weakly interacting, that they leave no traces in the detector and are
measured indirectly as missing energy. The different particle signatures
in a generic detector are shown in figure 3.5, where solid lines indicate
typical signatures and no lines indicate no interaction between the particle
and detector material.

innermost layer ————— outermost layer

tracking electromagnetic hadronic muon
system calorimeter calorimeter  system

photons

electrons

—_—

muons
R

rotons
aons
pions

neutrons
0
Ky
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Figure 3.5: Signatures of different particles in a generic detector. Solid
lines indicate typical signatures, whereas no lines indicate no interaction
between the particle and the detector material [39].
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3.3.1 Detector at the FCC-ee

A detector under its planning phase at CERN, CLICdp (CLIC detector
project) [40], a state of the art detector, is now being adapted to the
FCC-ee experiment. However, CLIC is designed for a linear accelerator,
which implies some modifications for adapting the detector to the circular
accelerator of the FCC-ee. Most importantly, the 30 mrad crossing angle of
the beams puts an effective limit to the strength of the detector solenoidal
tield of 2 T as compared to 3.5 T at CLIC. To compensate for the lower
momentum resolution which results for this, the radial dimensions of
the detector are increased. The FCC-ee detector design is still under
development, but is assumed to have the approximate same resolutions
as the CLIC detector. The CLIC experiment is inspired by the advanced
technology from the ILC experiment, and the CLICdp is a merge of the
two ILC detector designs; the ILD and SiD detectors [41]. An illustration
of the CLIC detector is shown in figure 3.6.

Figure 3.6: Illustration of the CLIC detector with a simulated particle
collision, and two persons for size comparison [42].

The different layers of the detector are shown in figure 3.7, vertex detector
and outer tracker (pink), electromagnetic calorimeter (green), hadronic
calorimeter (light green), the coil (blue) and the muon chambers (red)
outermost.

Tracking detector

The tracking detector, immersed in a magnetic field provided by the
surrounding coil, measures trajectories of charged particles in order to
determine their charge and momentum by its bending radius. It is made
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Figure 3.7: (a) lllustration of the different layers in the CLIC detector, and
(b) an enlarged slice of the detector [42] with the inner tracker detector
(pink), the EM-calorimeter (green), hadronic calorimeter (light green), the
coil (blue), and the muon chambers (red).

of silicon layers and consists of a very precise vertex detector and an outer
tracker. The purpose of the vertex detector is to identify and measure
secondary vertices from long-lived hadrons containing b or ¢ quarks and
from tau leptons.

For the work presented in this thesis a momentum resolution similar to
that of the ILC experiments [41] have been assumed. Hence the resolution
of the tracker can be parametrised by

% = 22+ (b-pr)? (3.2)

with the parameters; 2, a multiple scattering term, and b, a measurement
term with the values: 2 = 102 and b = 2-10~° GeV™". The efficiency of the
tracker to see a charged particle above a miminum momentum of 0.1 GeV
was assumed to be € = 99.5%. This for example corresponds to a relative
precision of about 0.14% on the momentum measurement of muons from
Z decays.
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Calorimeters

The EM-cal is based on silicon-tungsten samplings, while the H-cal is
based on tungsten for the barrel and steel at the endcaps. Both the
electromagnetic and hadronic calorimeter can be parametrised by:

% \/az + (%)Z +(&) (3.3)

with the parameters; a, a constant term, b, a stochastic term, and ¢, a
noise term. The values of the parameters of the EM-calorimeter are
a=0.011,b = 0.165 GeV'? and ¢ = 0.010 GeV. The hadronic calorimeter
has parameter values on: a = 0.016, b = 0.58 GeV'Y? and ¢ = 0.18 GeV.
This for example corresponds to a relative precision of about 5.3% on the
energy measurement of a 10 GeV photon, and a relative precision of about
18.5% of a 10 GeV neutron.

Magnet system

The solenoid outside the calorimeters of 2 T strength, makes it possible to
measure momentum of charged particles by their trajectory subjected to
the Lorentz force: F' = Qu X B. The momentum of the particles are then
measured by their bending radius, p, related by pr = 0.3 - QBp [6], where
pr is the magnitude of the transverse momentum in GeV, Q is the charge
in units of ¢, B is the magnetic field in T, and p is in units of m.

Muon chambers and magnet yoke

The muon chambers measure the tracks of muons and consist of track
sensitive chambers in between layers of iron. With muons relatively
high mass and non-strongly interacting nature, it is highly penetrating
and traversing throughout the calorimeter systems. The iron layers
minimize punch-through (jets that have not deposit all of their energy in
the calorimeters) and function as well as a return yoke of the coil.
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CHAPTER

ANALYSIS OF THE FCC-ee
SENSITIVITY FOR STERILE
NEUTRINO SEARCH

N the previous part I, the theoretical background and experimental
onditions were outlined as a foundation for the analysis of the
522l FCC-ee sensitivity to sterile neutrinos. Due to the ‘clean physics’
produced in e*e” collisions and the very high luminosity for the FCC-ee,
sensitivity of very rare processes can be achieved in order to set new limits
for the mixing angle. In this work, two possible search strategies have been
investigated: I) long-lived sterile neutrinos, where the search is based on
a sterile neutrino decay with a detached vertex, and II) short-lived sterile
neutrinos, where the search is based on the topology of the events in a
Monte Carlo study. These will be discussed in detail in the two following
chapters. Since II) involved the coupling of the sterile neutrino to second
generation fermions, this will be the main emphasis of the following
discussion. In practice, however, search II) would be also performed for
sterile neutrinos coupling to first generation, where the final state would
encompass an electron in stead of a muon.

4.1 Previous Searches

In figure 4.1 is shown compilation of current and future sensitivity of the
mixing angle between a muon neutrino and a single sterile neutrino 0,y
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in the mass range 100 MeV - 500 GeV from various, prior and planned
experiments.’

The (brown, shaded) area labelled "Seesaw’ shows the scale of mixing
expected due to the Seesaw mechanism. Below this limit the Seesaw
mechanism is in disagreement with the current limits on the active
neutrino masses. The (grey, shaded) area labelled "BBN” correspond to
lifetime of the sterile neutrino > 1 second, which is disfavoured by Big
Bang Nucleosynthesis [25]. The remaining limits are set by experiments,
with existing limits shown with coloured areas and future potential limits
presented with solid lines only.

The (brown, dotted) limit labelled "EWPD’ is the 90% confidence limit
(C.L.) from the electroweak precision data, obtained by constrains from
modified electroweak precision observables. As an example is the Fermi
constant G, that is measured from muon decays, modified due to the
effects of the sterile neutrinos by G, = G3(1 - 10.1)(1 - [0,/*) [29].

The limit set by the CHARM experiment, labelled '"CHARM’ and
'CHARM-II" (dark grey, shaded) is a 90% C.L. probed by D-mesons pro-
duced in a fixed target experiment and decaying mostly semileptonically,
thus in association with a neutrino. The (violet, solid) counter labelled
'SHiP’ is the expected limit at 90% C.L. for the proposed SHiP experiment
at CERN. The high intensity and fixed target experiment is proposed to
probe this limit by charm (c) and beauty/bottom (b) meson decays, with
semileptonic decays. Both the CHARM and SHiP limits are constrained
by the respective meson masses.

The (green, dashed) and (pink, dashed) counter labelled 'DELPHI" and
"L3" are 95% C.L. obtained from Z-decays at the DELPHI and L3 experiment,
both experiments at LEP-I. The (light green, solid) contour labelled "FCC-
ee’ is the expected limit at 95 % C.L. at the proposed 100 km accelerator
with 10'? Z-decays. This study is reproduced and the results confirmed in
chapter 5. The DELPHI, L3, and FCC-ee limit are all constrained by the Z
mass. The (blue, solid) contour labelled "ATLAS’ is a 95% C.L. for sterile
neutrinos produced in highly off-shell W-decays or from a hypothetical
heavy W-boson, that only couple to right-handed particles. The limits of
most interest for this study are the DELPHI limit (dashed, green) and the
FCC-ee limit (light green), which will be elaborated in chapter 5.

1Similar plots are found for mixing with the two other flavours 0,y and 0.y in [43].
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Figure 4.1: Combined limits for the mixing angle between the muon
neutrino and a single sterile neutrino IQMNI2 (here denoted as ILIHI|2), as a
function of the mass of the sterile neutrino My (here denoted as M;). The
limits with coloured areas are existing limits, whereas the contours with
lines only are future potential limits [43].

4.2 The DELPHI Limit

The DELPHI experiment was one of the four main detectors at LEP (Large
Electron Positron Collider) located at CERN, running in the period 1989-
2000 in the same tunnel as LHC is currently running. In the search for
sterile neutrinos (denominated heavy neutral leptons in [1]), DELPHI still
preserves the best limit for masses at electroweak scale. A total number
of 3.3 - 10° hadronic Z events was collected for the search, from which an
upper limit could be set on the branching ratio of BR(Z — Nv) ~ 1.3-107°
at 95% confidence level for masses from 3.5 to 50 GeV. The obtained limit
for the mixing angle |6]* (denominated |U|* in [1]) as a function of mass,
as well as the efficiency, is shown in figure 4.2. Since the DELPHI analysis
was complete inclusive regarding the leptonic initial and final states, the
limit was obtained for |6]> which incorporate mixing angles of the sterile
neutrino to all three neutrino flavours.
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The DELPHI limit is a merge of two limits, search for sterile neutrinos with
short life time, and sterile neutrinos with long lifetime. It is a combined
result from four separate searches, short-lived sterile neutrino production
with I) monojet signatures or II) acollinear jet topologies, and long-lived
sterile neutrinos with III) detectable detached vertices or IV) calorimeter
cluster.

When the DELPHI limit is redrawn, it is frequently drawn flat at the
bottom, like in figure 4.1. Genuinely it consists of two parts, one for short
lived sterile neutrinos and one for long lived, as seen in figure 4.2. The
same shape of the FCC-ee limit appears for the limit of the long lived
sterile neutrinos of the DELPHI limit.
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Figure 4.2: (a) DELPHI limit for the sterile neutrino mixing angle |0]* (here
denoted |UJ?), as a function of mass, and (b) the selection efficiency as a
function of mass. [1]
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SEARCH FOR STERILE NEUTRINOS
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7N this chapter the FCC-ee sensitivity of sterile neutrinos with long
lifetime is presented, inspired by [44]. Long-lived sterile neutrinos
4imply, for this study, sterile neutrinos that decay with a detached
vertex and with masses below the W mass. This search investigate sterile
neutrino produced from Z — v with one of the active neutrinos mixing
into a sterile neutrino. The production, decay and the FCC-ee sensitivity
of long-lived sterile neutrinos are presented followed by a discussion of
background estimates.

If the sterile neutrino has sufficiently small mixing angle and mass, its
lifetime will be long enough for it to decay with a detectable time of
flight. A signature with a detached vertex with decay products recoiling
against an undetected active neutrino is expected to be virtually free from
background. This is discussed in detail in the next section. For very
short lifetime of the sterile neutrino, where the time of flight is too short
to detect, signal and background becomes harder to discriminate, and
requires another analysis procedure, which is elaborated in chapter 6.
Assuming no background for the detached vertex, an analysis of the
sensitivity in the FCC-ee detector was performed. In this analysis, the
sterile neutrino can decay into all possible decays, the only requirement
being the detection of a detached vertex at a detectable distance from
the interaction point. A 20 significance (corresponding to 4 signal events

s, due to Z = s/ Vs + b, where number of background events b = 0) has
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been required and calculated from a total number of 10'? Z-bosons. Two
different detector volumes, for which the detector is sensitive to detached
vertices, are considered. The considered detector volumes are sensitive to
detached vertices decaying with a flight distance between a) 1 mm — 1 m,
and b) 100 ym — 5 m. For the previous outlined detector design sensitivity
of a) is fully satisfied, where the sensitivity of b) would require a rethinking
of the detector design.

The number of sterile neutrinos from Z-decays is governed by

Ny = Nz - BR(Z = Nv), (5.1)

where the branching ratio is obtained from the partial width in equation
(2.30). The number of produced sterile neutrinos from Z-decays for a
given mixing angle and mass is shown in figure 5.1. The production rate
of the sterile neutrino is mass independent except for the effect of the
phase space, which has an impact for masses larger than 40 GeV as shown
in figure 5.1.

% r T T T T I T T T T T T T T I
_10_75—
10_85—
10_95—
-0 |—N=10°
10
= |—N =10
L[ mN=10°
10 7 E | -N =102 E
= |—N =10 .
10_12 1 1 1 II 1 1 1 1 1 1 1 II 1 1 1 1 1 1
1 10

M, [GeV]

Figure 5.1: Number of sterile neutrinos produced in 10'? Z decays as a
function of the mass, My, and the mixing angle, |0]*.

The decay length A is obtained from the lifetime 7,, given by equation
2.33, multiplied by the speed of light and the boost in laboratory frame yp:
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A= )/ﬁc Ty, (5.2)

where yf = py/My, and the momentum of the sterile neutrino py, is
obtained from simple energy-momentum conservation:

2 A
_my MN

pN = (5.3)

ZmZ

The dependence of fixed lifetimes in the range from 100 um to 1000 km
on the mixing angle and mass is shown in figure 5.2. The total number of
decaying sterile neutrinos inside the detector volume is obtained by

Ndecay = NO[eXp(_dmin/A - exp(_dmux/A))]r (54)
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Figure 5.2: Counters of fixed decay lengths in the laboratory frame of
sterile neutrinos as a function of the mass My, and the square of the mixing
angle |6].

where d,,i,, d,.x are the minimum and maximum distance detectable in
the detector and A is the actual decay length from equation (5.2). For
any flight distance considerably larger than dp.y, the outer radius of the
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detector, the fraction of events decaying inside the detector volume is of
course f = dmax/A. In practice this will be the case for any A > 10 m.

A production of 10'? Z-bosons in the FCC-ee would produce ~ 2 - 10!
Z — v which, for a mixing angle of the sterile neutrino |0]* down to 107!,
would be adequate to provide a few events, depending on the mass of
the sterile neutrino. The sensitivity of sterile neutrinos in two proposed
detector sizes with sensitivity to detached vertices at distances: 1 mm—1m
(orange) and 100 ym—5 m (red) is shown in figure 5.3. In the lower left
section of the plot, the detection is constrained by too long lifetimes of
the sterile neutrinos, resulting in decays outside of the detector. A larger
detector would improve the detection efficiency in the area, hence the red
contour, representing a detector with a 5 m outer radius, extends further to
the left. Above the contours in the right corner, the detection is limited by
too short lifetimes to detect a detached vertex. Sensitivity improvements
in this area, could be obtained with a more precise vertex detector, even
though the difference between the two considered inner radii does not
seem to play a major role.
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Figure 5.3: Sensitivity on 20 (4 events) of the mixing angle, |6/, vs mass of
the sterile neutrino N decaying with a detached vertex inside the FCC-ee
detector volume. The orange graph represent decay lengths from a) 1
mm-—1 m, the red graph decay lengths from b) 100 ym-5 m.

5.1 Background Estimates of Long-lived Sterile
Neutrinos

Two possible background contributions to the long lifetime search has
been identified: I) Z — 77~ decays, and II) interaction of atmospheric
neutrinos in the detector material. Both turn out to be negligible as argued
in the following discussion.

The background candidate Z — t%77, is considered for decays with one
tau decaying hadronically into 1, 3, or 5 charged particles and a neutrino,
a so-called 1-, 3-, or 5- prong decay, and the other tau decays leptonically
to a soft electron together with the respective neutrinos, with the electron
energy too low to detect. Since the minimum energy of the observed

2
m. . .

sys) - E;, the minimum energy of an
My

system from a 7 decay is Emin = (
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electron is ~ 4 keV, and can go undetected, whereas the minimum energy
from a muon is ~ 160 MeV, and would be detected, due to the energy
threshold of the detector of about 100 MeV. Such 7 decay with a very soft
electron would cause a mono-jet signature with a detached vertex with
a relatively short distance to the IP, due to the lifetime of the . With
a lifetime of the 7 on 2.9 - 107" s [6] and a gamma-factor of ~ 26, the 1
from a Z decay has a flight distance around 2.3 mm. This background
can be distinguished from the signal by observing that the tau lepton is
charged whereas the sterile neutrino is neutral. Hence, by requiring that
the sum of charges of the final state particles add up to zero. Another
way to discriminate these events from a possible sterile neutrino, could
be to require decays with masses below 2 GeV' to have a decay length
considerable larger than the decay length of the 7, since light sterile
neutrinos would be boosted and hence have a long flight-distance in the
detector.

Other possible background candidates for the detached vertex search
could come from the cosmic ray background. Standard backgrounds from
cosmic rays, muons which penetrate down to the detector is not considered
to be a background since the muon can hardly enter the detector unnoticed
and thus is very unlikely to produce a mono-jet signature. However,
atmospheric neutrinos interacting with the material inside the detector
volume could potentially produce a mono-jet signature. In order to
produce a signature with high enough energy for detection, a neutrino
energy higher than a couple of GeV is required, thus solar neutrinos
are not of relevance in this study, since they only carry energy in the
MeV range. The most abundant neutrinos in the high energy spectrum
are the muon neutrinos coming from pion decays in cosmic rays, also
referred to as atmospheric neutrinos. Neutrinos with sufficient energy
have a very small, but non-vanishing probability of interacting with the
detector material, due to the high neutrino flux. Deep inelastic scattering
of a nucleon caused by an atmospheric neutrino, could then potentially
produce a mono-jet signature in the detector.

The cross section measurements of muon neutrinos and anti-neutrinos
in charged current interactions are collected from the experiments; BNL
7-foot bubble chamber experiment, SKAT, Gargamelle, and SciBooNE.
The contributing processes for the cross section measurement are quasi-
elastic scattering, resonance production, and deep inelastic scattering,
and are shown in figure 5.4a and 5.4b. The neutrino flux is measured by
several experiments, e.g. the India-based Neutrino Observatory (INO),

IThe tau lepton has a mass of 1.777 GeV.
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the IceCube experiment at the South Pole, Pyhdsalmi in Finland, and
Super Kamiokande in Japan. Their flux measurements are consistent,
when averaging over one year and all directions [45]. The neutrino flux
measurements from Super Kamiokande are shown in figure 5.4c.
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Figure 5.4: Muon neutrino (a) and anti-neutrino (b) cross section in
charged current interactions divided by the neutrino energy plotted as a
function of energy [46]. The data is collected by several experiments: A
(BNL 7-foot bubble chamber experiment [47]), * (SKAT [48]), m (Gargamelle
[49]), and * (SciBooNE [50]). The various contributing processes are
shown; quasi-elastic scattering (QE), resonance production (RES), and
deep inelastic scattering (DIS). Figure (c) shows the neutrino flux measured
by Super Kamiokande averaged over one year and all directions [45].
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In order for an interaction of an atmospheric neutrino to imitate a signal
of a sterile neutrino, the expected missing momentum from the active
neutrino produced in association with a sterile neutrino is p, = py with
the expression for py given in equation (5.3), should be consistent with
the reconstructed invariant mass of the decay products from the inelastic
scattering of a nucleon by the atmospheric neutrino, m;,,  +/2m,E,, where
m, is the mass of a proton, and E, ~ p,. When those two expressions
are combined, it is realised that only neutrino energies around 45 GeV
are meeting the requirements. If an atmospheric neutrino interacts via
inelastic scattering with the detector material, the final state momentum
could be fully reconstructed, thus equivalent to the initial energy of the
atmospheric neutrino. A mono-jet system with a reconstructed mass
above 100 GeV would certainly not have its origin from a Z decay. Hence
neutrino energies from 40 GeV to 100 GeV were taken into account in the
estimate.

To make a rough estimate, the graphs showing the flux and cross
sections were all considered to be flat in the studied energy range. The
summed cross section of v, and 7, was estimated tog/E, < 1.2 - 107 cm?/GeV
from figure 5.4a and 5.4b. Whereas only the CC cross sections are given in
figure 5.4a and 5.4b it is the sum of the CC and NC current cross section
which is of relevance here. Since the cross section of CC interactions was
at least a factor two higher than NC interactions (see table XI in [46]),
a total summed maximum cross section of v, and 7, was estimated to
0/E, < 2-107%* ¢m?/GeV. The flux of v, and 7, was estimated with a
maximum mean value of ¢ X E3, < 400 m~2s™'sr'GeV from figure 5.4c.

Integrating the product of neutrino cross section and flux in the energy
interval 40—100 GeV, yields a number of neutrino interactions per second
per nucleus. A detector with thin silicon layers, mostly consisting of air,
was assumed. The largest detector for this study was considered (a 4
meter long cylinder-shaped detector with 5 meters in radius) with an
estimated mass of 400 kg. It was then assumed that the effective mass is
10 times larger, when instrumentation was taken into account, thus an
effective mass of approximately 4 ton. Data-taking was assumed to be
approximately a third of a year.

With the listed assumptions, less than 0.005 atmospheric neutrinos
would interact per year. Only considering those decays interacting in the
opposite hemisphere of the direction of the atmospheric neutrino came
from, in order to imitate a signal, the background candidates would be
halved. An additional requirement that the vertex points towards the IP
with an correct mass and time-of-flight is expected to kill the background.
Since the atmospheric neutrinos have a higher probability of interacting
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in the thin silicon layers, than in between the layers, a veto on detached
vertex interactions originating from the silicon layers, could decrease this
background even further.

5.2 Summary of Search for Sterile Neutrinos with
Long Lifetime

Two background candidates, Z — 777~ and atmospheric neutrinos, were
considered for the search for sterile neutrinos with long lifetime at the
FCC-ee with 10'? Z boson decays. Both backgrounds candidates were
estimated to be negligible. The search reach shown in figure 5.3 is thus
well-founded, and displays a discovery reach for sterile neutrinos for
mixing angles |0> down to 107!!, covering a large part of the allowed
parameter space, cf. figure 4.1.
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s HIs part of the analysis investigates the sensitivity of the FCC-ee
{ for short lived sterile neutrinos in the mass range 10 — 80 GeV. The

a2 ambition is to improve the DELPHI analysis discussed in section
4.2 with a better detector, and investigate how the analysis scales with
increased statistics. For this study, 10® hadronic Z events were generated
corresponding to 1.43 - 10® Z events, which is 30 times more statistics than
DELPHI. FCC-ee aims for way higher statistics (10'? Z bosons), but fewer
events are investigated due to limitation of computer resources.'

6.1 Analysis Strategy

This study aims to cover as much as possible of the parameter space
between the DELPHI limit and the FCC-ee long lifetime limit, as well as
the parameter space in the right corner above the FCC-ee limit in figure
4.1. In this area, the sterile neutrino has too short lifetime for a detached
vertex to be detected, referring to figure 5.2. Hence, the analysis rely on
the topology of the events in order to distinguish background from signal.

!Generating 108 Z — g7 events in PYTHIA and writing to HepMC format took about
16 hours and took up 67 GB of memory by saving only ~ 4% of the selected events. To
generate 7 - 10!! Z — ¢ corresponding to 102 Z bosons, as FCC-ee is striving to produce,
would take around 13 years and the datafile would be 470 TB large!
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In order to simplify the current study it was restricted to specific final
states. Firstly, it was decided to consider only fully visible final states
proceeding via charged current interactions. The fully visible modes with
branching fractions of about 50%, see section 2.4, have the advantage that
the mass of the sterile neutrino can be fully reconstructed from the final
state particles. Secondly, it was decided to concentrate on the mode with
a muon in the final state, i.e. the decay N — u*gqq’.

A total of 10® e*e™ — Z — g events were generated, which correspond
to a total integrated luminosity of L;; = N/o = 3.33 fb~!. Evenifa genera-
tion of 10'? Z-bosons had been possible for an appropriate time scale, the
result would not necessarily be trustworthy, due to the generation of very
rare decays in rare areas of phase space, for which the generators have
certainly not been tuned.

In this study, methods were sought to best separate sterile neutrino sig-
nal from background. The strategy was to develop selection criteria to
minimize the background, ideally eliminate it completely, while trying to
keep as high signal efficiency as possible. To avoid biases, the cuts were
developed on one set of Monte Carlo samples and then finally tested on
an independent set of samples. All background samples were scaled to
the integrated luminosity L = 3.33 fb™!, while the number of generated
signal events, was arbitrary.

The signal investigated in this study is the process Z — vN with N — ugg.
Eight different signal samples were analysed with a sterile neutrino mass
of 10, 20, 30, 40, 50, 60, 70, and 80 GeV. The signal has a characteristic
signature of a) high missing momentum coming from the non-observation
of the active neutrino, and b) a muon produced in association with c) a
mono-jet or a di-jet depending on the sterile neutrino mass. All three
characteristic signatures are dependent on the sterile neutrino mass, also
referred to as signal mass. For low masses, the signal signature tends to
be a mono-jet close to the muon. The higher the sterile neutrino mass
gets, the lower the boost thus the larger opening angle of the jet(s) and the
lower the missing momentum.

The background candidates considered for the study were:

1. Z — ggbecause of the high cross section of 30 nb. With this enormous
amount of events, there is a possibility of producing events that are
very distinct from the ordinary Z — g7 decays.
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2. Z — 777" since a lot of the events already contain a muon, a jet, and
missing momentum.

3. Z — u*u~, since it already involves a muon.

4. The four-fermion process e*e~ — e*e"q] mostly due to the two-
photon process containing a jet and with an electron going into the
beam-pipe creating missing momentum.

5. The four-fermion process e*e™ — gquv, due to the decay products
being identical to the decay products of the signal.

The distribution of missing momentum for the signal and background
samples are shown in figure 6.1. A more detailed description of both
signal and background samples are presented in sections 6.5 and 6.6.

qoguv  EBZ - qq [ON(30)
ceqq WZ-T ON(s0)
Z - pp [ON(8O)

Events / 1 GeV

Hmﬂ Hmﬂ Hmﬂ HHM HHM HHMLA HHMLA HHMLA 111

5 10 15 20 25 30 35 40 45 50
p [GeV]
Figure 6.1: Distribution of missing momentum at generation level without
any cuts applied. Three different signal samples with sterile neutrino
masses of 30, 50, and 80 GeV are superimposed with all background
samples.

6.2 Outline of the Analysis

In order to optimise memory as well as CPU time for the data processing,
a pre-selection was made before saving the events for subsequent analysis.
Hence, the study was separated into three steps: I) pre-selection, II)
main analysis, and III) sliding cuts, as shown schematically in figure 6.2a.
Furthermore, the main analysis was divided into two parts: A low mass
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analysis performed for the sterile neutrino masses 10, 20, and 30 GeV,
and a high mass analysis performed for the masses 30, 40, 50, 60, 70, 80
GeV. Finally, sliding cuts were applied, focussing on the individual mass
points.?

Since the decay channel N — uqq’ was chosen for this search, the
sterile neutrino N is assumed only to couple to the muon neutrino, v, via
the parameter |0,n[*. Strictly speaking, the coupling investigated in this
search is equal (O + 0,y + 0.n) - O,n, since the Z boson decays into all three
neutrino flavours, which in principle can all mix into the sterile neutrino
N, and then mix into the highly off-shell v, that decays into the decay
products pgq’. For convenience, and in order to compare with existing
results, the assumption of the sterile neutrino only coupling through |6,/
is implemented. Ideally, similar analyses would be made for the e* and
7* channels, in order to combine the limits for all three leptonic decay
channels.

The sterile neutrino is assumed to have too short lifetime to detect a
detached vertex. For decay lengths below 100 um, the kinematics of the
events does not depend on the mixing angle |6]?, but exclusively on the
sterile neutrino mass my. Hence, the only signal parameter changed in
this analysis is the mass.

The missing momentum p, arising from the active neutrino from the
signal, can be expressed as an delta function for a given signal mass:

m2 — m?2
ZzTZN 6.1)

prpo=

This is characteristic for the signal, and therefore used in the sliding cuts
in section 6.10. Numerical values for the neutrino momentum, p,, for each
signal mass were found by eq. (6.1) and is shown in the table in figure 6.2b.
The pre-selection, the two analysis for low and high mass, and the sliding
cuts, are described in detail in section 6.7, 6.8, 6.9, and 6.10 respectively.

ZFor an analysis with real data and search for an sterile neutrino with an unknown
mass, sliding cuts or sliding window, would have been shifted with much smaller
intervals, probably at a step size of approximately the resolution of the given parameter.
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Figure 6.2: (a) Schematic picture of the total analysis. (b) Theoretical
recoiling neutrino momentum, p,, for each signal mass.

6.3 Generation of Events

The event samples were generated with the event generators PYTHIA 8.2
[61] and WHIZARD 2.4.0 [52]. The main strength of PYTHIA is the
hadronisation of events via parton shower. To generate events in PYTHIA,
the specific processes shall be parsed to the generator. In WHIZARD,
on the other hand, only the particles in the initial and final state shall
be parsed to the event generator, and then every process is calculated
via matrix elements. Productions were simulated for e*e™ beams at the
Z-pole, Ecyy = 91.2 GeV, implying all standard settings in both PYTHIA
and WHIZARD. All samples were written to HepMC format [53], from
where they were read and analysed.

The signal samples, and the background samples, Z — g3, Z — t*1~
and Z — u*u~ were generated with PYTHIA, while the four-fermion pro-
cesses, e'e” — efe gf and e*e” — gguv, were generated with WHIZARD,
and then subsequently hadronised through PYTHIA.

6.4 Detector Parametrisation

A detector parametrisation based on section 3.3.1 was done for all samples.
The method used to smear the momentum and energies of the particles is
based on what is known as "particle flow": The energy of all particles is
determined, as much as possible, by the charged tracks measured in the
tracking detectors. The calorimeters are then mainly used to determine
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the energy of the neutral particles, not detected in the tracking detectors.

As a first step neutrinos were removed. Particles close to the beam line
with an angle | cos(0)| < 0.99° were removed, as well as soft particles with
momentum below p < 0.1 GeV that would curl up due to the B-field. The
momentum and energy of the remaining particles were then smeared with
parametrisation of the tracker, the electromagnetic calorimeter and the
hadronic calorimeter:

e The momentum of all charged particles were smeared with the
parametrisation of the tracker from equation (3.2) with the efficiency
of measuring a track of 99.5%.

e The momentum of all photons were smeared with the parametrisa-
tion for the electromagnetic calorimeter given in equation (3.3) with
the corresponding values.

e Finally, the momentum of all neutral hadronic interacting parti-
cles were smeared with the parametrisation from (3.3), with the
corresponding values for the hadronic calorimeter.

The detector parametrisation was done in two steps, first with a prototype
detector simulation, followed by a smearing of the sample. The prototype
detector simulation includes removing neutrinos, soft particles, and
particles close to the beam line. The smeared sample encompasses the
prototype detector simulation and the parametrisation. The invariant
mass of Z — qg is shown in figure 6.3 at generator level, with the prototype
detector simulation, and with the smeared sample. The smearing manifests
itself in the mass spectrum as a tail for the higher masses as well as a
boosted tail for the lower masses, compatible with lost particles at low
angles and momenta.

6.4.1 Misidentification of Pions as Muons

Muons penetrating the calorimeters and muon chambers lose about 3 GeV
by ionisation. Hence, only muons with momentum higher than p > 3 GeV
were identified. Due to consideration of pion decays (n* — p*v,) and
pions interacting late in detector (punch through), a misidentification

3For this detector a right-handed Cartesian coordinate system is used with origin at
the IP, the x-axis pointing towards the center of the accelerator ring, the y-axis pointing
upwards and the z-axis along the beam line. The polar angle 0 expresses the angle down
to the beam line, while ¢ denotes the azimuthal angle.
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Figure 6.3: Comparison between generator level (black line), prototype
detector simulation (red line), and the smeared sample (gray) for the
invariant mass of Z — g7.

of pions as muons with a probability of 0.25% was implemented in ac-
cordance with estimates from the ILC detectors [41]. In figure 6.4a the
number of true muons is shown, the number of misidentified muons is
shown in figure 6.4b, and the total number of muons, with both true and
misidentified muons, is shown in figure 6.4c.

After the detector parametrisation and misidentification, jets were recon-
structed using the e*e™ k; algorithm (Durham algorithm) from fastjet [54].
The exclusive jets algorithm was employed to force events into one, two, or
three jets, depending on the analysis and cuts. The reconstructed muon
was not included in the jet reconstruction.
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Figure 6.4: (a) Number of true muons, (b) number of misidentified pions
as muons, and (c) the actual number of identified muons including both
true and fake muons with a requirement of at least one muon in the event.
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6.5 Signal Signatures
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Figure 6.5: Feynman diagram of the signal process e'e~ — Z — N7 with
N — =W — uqq

For the production Z — vN with the decay N — uW — uggj the signal
signatures depends on the mass and mixing angle of the sterile neutrino.
A Feynman diagram of the process is shown in figure 6.5. Assuming no
significant decay length of the sterile neutrino, and thereby no detached
vertex, the decay products intersect in the interaction point. Hence, the
signature exclusively depends on the sterile neutrino mass My.

In this analysis, the focus is on the mass range 10 — 80 GeV of the sterile
neutrino. For low masses of the sterile neutrino, it has a high boost. As
a result of the low mass and the boost, the two quarks from the sterile
neutrino decay tend to be collimated. However, for high masses of the
sterile neutrino, the boost is low and the two jets tend to have a large
relative opening angle. Examples of event displays are shown in figure
6.6 with decays of sterile neutrinos with the masses 50 GeV and 80 GeV,
together with a Z — g7 decay.

For this study, the sterile neutrino and its decay to ugg was introduced
into PYTHIA, with the combination of g and 7 selected stochastically
according to the CKM-matrix. After some initial trials, which did not
successfully describe the final state particle multiplicity, a good decay
mode was eventually identified; for technical details, see Appendix A.1.
For this mode the three final state particles, u, g, and 4, were distributed
according to a flat phase space, i.e. not taking into account that the decay
goes via an intermediate W boson. To remedy this, a more realistic phase
space distribution was implemented via importance sampling.

For every event, generated with a flat phase space distribution, a
weight w was calculated, comparing the matrix element squared | M|? for
the given event with the maximum value of the matrix element squared
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Figure 6.6: Event displays generated with PAPAS [55], showing decays of
signal events Z — vN with N — ugg and the background process Z — gg,

with (@) N — ugg decay with my = 50 GeV, (b) N

— uqj decay with

my = 80 GeV, and (¢) Z — gqq decay. The yellow line represents a muon.
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IMP
M0

the sterile neutrino decay has the expression [56] *:

IM[?,, for the total event sample, w = . The matrix element | M|? for

max

(Pnpg)(papu)
((pg + po)? =) + 1 Iy,
Here the py, p,;, p; and p,, are four-momenta of the sterile neutrino, quark,
anti-quark, and muon respectively, and my = 80.385GeV and I';, = 2.1 GeV
are the mass and width of the W-boson. In the the denominator of eq.
(6.2), the term ((p, + ps)* — m3,)* goes to zero as my — my, but the term
m2,I'2. prevents divergence.

IMP? o

(6.2)

The importance sampling was subsequently selected by comparing w to a
random number r from a flat distribution between 0 and 1. The event was
saved if w > r.

The Breit-Wigner function of the W-boson causes an enhancement of
the invariant mass of the gg-system, which has a great significance for mass
of the sterile neutrino, my = 80 GeV, where the W-boson can be almost
on-shell. For lower masses, the significance is considerably smaller, since
the W-boson is highly off-shell. This tendency is seen in figure 6.7a of the
invariant mass for the 80 GeV sterile neutrinos. For lower masses of the
sterile neutrino, the effect of the matrix-element-weight is not as distinct
as for 80 GeV, shown for 50 GeV in figure 6.7b. The momentum is equally
distributed between the three final state particles with flat phase space,
whereas the momentum is varyingly distributed to the W, and thus the g7
system, depending on the My with realistic phase space. In both plots the
tlat phase space distributions (black) and the matrix-element-weighted
distributions (coloured) are superimposed.

“The matrix element is received from private communication with P. Skands. The
expression is originally describing the top mass decay at a time, where it was not known
that the top quark was heavier than the W boson. Due to same decay products and
kinematics, the only difference is a factor three from the quark colours and a trivial
change of the indices.
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Figure 6.7: Invariant mass of g7 with flat phase space (black line) with a
sample with realistic phase space (coloured) for (a) my = 80 GeV, and (b)
my = 50 GeV.

6.6 Background Signatures

In the following section the background signatures and characteristic
distributions are outlined. The distributions shown before pre-selection
are with the prototype detector simulation and before cuts are made
on missing momentum, number of charged particles, and number of
muons. The remaining distributions represent the event samples after
the pre-selection and with parametrised detector response. One, two, or
three jets have been reconstructed for those events, depending on the
sample, which is denoted at the given distribution. The selected muon is
not included in the jet reconstruction.

6.6.1 Background Sample Z — qj

The dominant background is Z — g7 with o = 30nb [18] and its Feynman
diagram shown in figure 6.8. It has an average charged particle multiplicity
around 20 as shown in figure 6.9a. The distributions of the cut variables
missing momentum and number of muons with p > 3 GeV, are shown
in figure 6.9b and 6.9c. Z — g7 events with a high missing momentum
and a muon likely come from events where the Z decays to bb or cc.
The distributions in figure 6.9 are shown before a pre-selection is made,
discussed further in section 6.7.

The invariant mass of the process has a peak a little below 91.2 GeV,
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Figure 6.8: Feynman diagram of the e*e™ — Z — g7 background process.

the mass of the Z boson, shown in figure 6.9d. The mass peak is a bit lower
than the Z mass due to the detector coverage, the loss of low momentum
particles, and due to neutrinos from Z — bb and Z — c¢ decays. When the
events are forced into two jets, the two jets are likely to be back-to-back, as
shown in figure 6.9e with a peak around cos(j, j) = —1. This distribution
has a tail all the way up to values of cos(j, j) = 0.8, representing atypical
events that could be potential background events for the study.
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Figure 6.9: Distributions of the Z — g7 background sample with (a)
number of charged particles seen, (b) missing momentum, (c) number of
muons with p > 3 GeV, (d) the invariant mass, and (e) cosine of the angle
between the two reconstructed jets. Distribution (a) and (b) are before the
pre-selection and with the prototype detector simulation. Distribution (c),
(d), and (e) are after pre-selection and parametrised detector response.
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Figure 6.10: Feynman diagram of the ete” — Z — t*7~ background
process.

Figure 6.10 shows the Feynman diagram of the background, Z — t*77,
with the process that has a cross section of 0(Z — 777") = 1.5 nb. A total
number of 5-10° Z — 17 t* events were generated.’

Tau leptons decay fully leptonically ~ 35%, equally shared between
decays to an electron and to an muon (7~ — v.e™V, and T~ — v u V),
and hadronically ~ 65% of the time (1~ — v.h~), where h~ denotes the
hadronic system [6]. With the requirements of 1-2jets, a muon, and missing
momentum, one tau decaying to a muon and the other hadronically could
imitate the signal. It turns out that the main reason for Z — 777" being a
background candidate in this search is because of initial state radiation
(ISR) and final state radiation (FSR).

In figure 6.11a, the invariant mass of the visible decay products from the
tau decay, are shown. Cosines of the angle between the two reconstructed
jets in figure 6.11b shows a tendency to be in the same direction, most likely
a one, three or five pronged forced into two jets. The relation between the
muon and one of the jets is mostly back to back, shown in figure 6.11c,
which indicate the scenario with one leptonic and one hadronic decay.
The distribution of the maximum value of the cosine of the angle between
the missing momentum and one of the forced jets, shown in figure 6.11d,
indicates that the missing momentum and the jet are usually in opposite
hemispheres. Since the missing momentum is depending on the neutrinos
and the neutrinos from a leptonic decay (7~ — v.e™v, and 77 — v u"V,)
generally carry more energy than the single tau-neutrino from a hadronic

>The mode "TauDecays:mode = 0" was used in PYTHIA, a model for isotropic decays,
used due to time optimisation. The more realistic model in PYTHIA takes more than
three orders of magnitude additional time to generate, and is thus impossible to work
with considering event samples of this size. The PYTHIA authors have been made aware
of this problem.
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decay, the missing momentum is usually assigned in the direction of the
leptonic tau-decay. Over ten times less frequently, the missing momentum
is in the same direction as the jet. A similar conclusion can be drawn
from figure 6.11e showing the cosine of the angle between the missing
momentum and the muon: In most cases the missing momentum tends to
be parallel to the muon.

6.6.3 Background SampleZ — u~u*

Asfor Z — 11~ the cross section for Z — p*u~is 0 = 1.5 nb, in agreement
with lepton universality. A total number of 5-10° Z — u~u* events were
generated. A Feynman diagram of the process is shown in figure 6.12b.

A priori, one would not think of Z — u~u* as a background, with
its low charge multiplicity and clean signature. A search for very rare
decays from a possible signal requires consideration of rare decays from
background as well. After pre-selection, which requires at least three
charged particles per event, 321 Z — u~u* events were left, shown in
figure 6.12a. A charged particle multiplicity greater than two for Z — u~u*
is seemingly caused by initial state radiation ISR and final state radiation
FSR, with a high probability of pair production, y — e*e”, or a decay
to two muons. In the case of a radiated photon with y — g4, PYTHIA
might be hadronising the event, resulting in a higher charged particle
multiplicity.

6.6.4 Background Samples for Four-fermion Processes

The four-fermion processes considered for the background sample have
been divided into the two processes: e*e~ — e*e"qj and e*e™ — qquv.

Background Sample e"e™ — e*e7qg
The process e*e” — e*e g7 includes mainly two processes, two photon
processes shown as Feynman diagram in figure 6.13a and Z decays with
a radiative photon shown in figure 6.13b and 6.13c. Since the phase
space is complicated to calculate for the two photon processes, the events
were generated with WHIZARD, for each quark flavour separately with a
requirement of an invariant mass of the quark pair greater than 15 GeV.
WHIZARD only takes initial and final state particles as input, which is why
the inclusive process e"e~ — e*e”gj was generated and had a total cross
section of o = 125.40 pb, resulting in a total number of 418,013 events.
For high masses of the final state quark pairs, the process tends to be
mediated by a Z-boson decaying hadronically with either initial or final
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Figure 6.11: Distributions of the Z — 71~ background sample (a) invari-
ant mass, (b) cosine of the angle between the two reconstructed jets, (c)
the maximum value of cosine of the angle between the muon and one
of the two reconstructed jets, (d) the maximum value of cosine of the
angle between missing momentum and one of the two reconstucted jets,
(e) cosine of the angle between missing momentum and the muon. All
distributions are after pre-selection and parametrised detector response.



CHAPTER 6. SEARCH FOR STERILE NEUTRINOS WITH SHORT
72 LIFETIME

I
Z o pp

Events /1
=
)
H‘

)
Nﬂ
S

O
T

S R I B I BRI
0 2 4 6 8 10 12 14
(a) #Charged seen

(b)

Figure 6.12: (a) Feynman diagram of the ee™ — Z — u*u~ background
process. (b) Number of charged particles seen for e*e™ — Z — u*u~ after
pre-selection and parametrised detector response.

state radiation. In order to minimize double counting from events already
generated in the Z — g7 sample, all events from the e*e™ — e*e™ g7 sample
with an invariant mass larger than 50 GeV were excluded. In figure 6.14
the invariant mass of e*e” g7 is shown before the cut. For low masses of the
final state quark pairs, the production tends to come from a two photon
process.

Background Sample e*e™ — gguv

The four-fermion process e*e™ — gjuvhasa cross section of only 0 = 4.20 fb
at the Z-pole energy. To get better statistics, the luminosity was scaled with
a factor 10°, resulting in 14,009 generated events. An invariant mass of 4j
above 5 GeV was required as well as | cos(0)| > 0.99 for the muon. In figure
6.15 Feynman diagrams of some of the main contributing e*e™ — gguv
background processes are shown. Processes with same final state but with
a production of two W bosons have a vanishing cross section below the
WW threshold, and do thus not contribute as a background.

The invariant mass of the g7 system, is shown in figure 6.16 at generator
level. The g7 system has a peak around 80 GeV indicating a radiative
W-boson decaying hadronically. The distribution of missing momentum
before the pre-selection cuts, is shown in figure 6.17a. In figure 6.17b, 6.17¢
and 6.17d are the distributions of the total invariant mass, cosine of the
angles between the two jets and cosine of the angle between the muon and
missing momentum shown, respectively, all after parametrised detector
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Figure 6.13: Feynman diagrams of the e*e™ — e*e™gg background process,
produced by (a) a two photon process, (b) a Z-decay to e*e”~ with a radiative

photon decaying to 47, and (¢) a Z-decay to g7 with a radiative photon
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Figure 6.14: Invariant mass of e*e™ g7, after pre-selection and parametrised
detector response.
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Figure 6.15: Feynman diagrams of the four-fermion background efe™ —
qquv process.

response. The peak appearing for the invariant mass of the g7 system
in figure 6.16 does not appear on the distribution for the total invariant
mass in figure 6.17b. This is likely due to the case of the events at the peak
having low missing momentum and thus discarded in the pre-selection.
Since the signal signature is expected as correlated peaks for the y and
myo distributions, it is a challenge that the efe™ — gjuv events have flat
distributions for those parameters.

All e*e™ — ggvu histograms in this section are scaled by a factor 1000
times higher luminosity, due to the very low cross section of the process.
This is later scaled to the correct luminosity in the analysis.
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Figure 6.16: Invariant mass of the g7 system for e*e” — u~v,47 at genera-
tion level.
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Figure 6.17: Distributions of the four-fermion background e*e™ — ggvu
process, which are all scaled by a factor 1000 in order to get enough
statistics due to the very low cross section. The distributions are (a)
missing momentum, (b) total invariant mass, (c) cosine of the angle
between the two reconstructed jets, and (d) cosine of the angle between
the missing momentum and the muon. Distribution (a) is shown before
pre-selection and with the prototype detector simulation. Distribution (b),
(c), and (d) are after pre-selection and parametrised detector response.
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6.7 Pre-selection

For the pre-selection three requirements were imposed:
1. Atleast 3 charged particles
2. Missing momentum larger than 5 GeV
3. At least one muon with momentum larger than 3 GeV

Distributions of the three variables are shown in figure 6.18. The statistics
of the cut-flow is shown in table 6.1 for background, and table 6.2 for signal.

The signal has a signature of large missing momentum as well as a muon
with high momentum, which distinguish signal from background to a
large extent. After pre-selection only ~ 4 — 5% of the main background
events, Z — g, were left whereas the signal efficiency varied between
81 — 98% depending on the mass.

Process: Z—qq Z->Tttr Z-utyu eteTqq qguv
Initial: 108 5-10° 5-10°  4.1801-10° 14.01
> 3 ch. part. 9.9995-10” 1.4857-10° 1.6563-10* 3.2417-10° 13.91
Pmiss > 5 GeV 1.3879-107 1.1387-10° 334 1.0335-10° 13.08
>1u,p>3GeV  4.025310° 2.3257-10° 331 9139 0.80

Table 6.1: Statistics of the cut-flow for pre-selection for background events.

Process: N10 N20 N30 N40 N50 N60 N70 N80
Initial: 10000 10000 10000 10000 10000 10000 10000 10000
> 3 ch. part. 9221 9772 9898 9941 9969 9974 9988 9995
Pmiss > 5GeV 9219 9770 9895 9940 9967 9971 9981 9919

>1pu, p>3GeV 8194 8971 9532 9703 9774 9793 9782 9238

Table 6.2: Statistics of the cut-flow for pre-selection for signal events.
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Figure 6.18: Distributions of the cut-variables for the pre-section are
shown after the preceding cut in the pre-selection sequence was applied.
The lines with an arrow indicate the cuts, where the shaded areas indicate
discarded events. The distributions show (a) number of charged particles
seen, (b) the missing momentum, and (c¢) number of muons with p > 3
GeV.
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6.8 Low Mass Analysis

The analysis for low masses of the sterile neutrinos (LM) was performed
for masses of the sterile neutrino in the range 10 — 30 GeV. A sketch of the
cut-flow is shown in figure 6.19.

Exactly 1 muon with momentum p > 3 GeV was required. In figure
6.20a the distribution of number muons with momentum > 3 GeV is
shown. To avoid background events with high missing momentum due to
undetected particles going close to the beam line a cut on | cos(6))| < 0.94
was performed. This cut ensures a vigorous definition of y in order to
avoid that missing momentum are due to the small gab in the detector
close to the beam axis. The distribution of |COS(9}/)| is shown in figure
6.20b.

For the signals with low masses, the missing momentum tends to be in
the hemisphere opposite from the muon. In Z — g4 processes with b and
c decays, the muon and neutrino have momentum in same direction. The
same argument holds for a leptonic tau decay. Hence, the cosine of the
angle between p and the muon is required to be less than cos(p, 1) < 0.50,
as shown in figure 6.20c.

For the jet reconstruction, the exclusive jets option of the jet reconstruction
algorithm was employed to require the reconstruction of exactly one jet
with minimum 1 charged particle and energy of E > 3 GeV, since the signal
for low masses tends to have a mono-jet signature. Here and everywhere
else the identified muon was excluded from the jet finding algorithm.

The main background Z — g4 with the highest cross section, tends to
decay to two jets in opposite hemispheres. To reduce this background, all
events which were just reconstructed a one-jet events were now attempted
reconstructed as two-jet events with the same requirements as before on
each jet: at least 1 charged particle and Ej.;; > 3 GeV. This way the total
sample was divided into two sub-samples depending on whether or not
the reconstruction of two jets was successful. Different cuts were then
applied to these two sub-samples, as indicated in figure 6.19.

For those events possible to construct two jets a requirement on
cos(j, j) > —0.80 was applied. For the remaining events, where two jets
could not be constructed, no cuts were applied. The cosine of the angle
between the two constructed jets is shown in figure 6.21a.
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In boosted N-decay, the muon is approximately in the same direction as
the reconstructed jet(s). For the background samples, the muon tends
to be either inside one of the jets as for the Z — g7 background, when
forcing two jets in the events, or the muon tends to be in the opposite
hemisphere of the jets as for the Z — t*7~ events, where one tau de-
cay leptonically and the other hadronically. Hence, a requirement of
—0.50 < max(cos(jet, u)) < 0.96 was applied, as shown in figure 6.21b.
Here the max(cos(jet, 1)) variable is defined as the maximum cosine value
when considering the two jets in events where the two-jet reconstruction
succeeded. For events where this failed, there is no maximum value to
be taken, of course. For this sub-sample, the same cut was applied for
the angle between the muon and jet, —0.50 < cos(jet, 1) < 0.96, as seen in
figure 6.21c.

Lastly, the mass of the jet in the one-jet reconstruction, is demanded in
the interval 1.8 GeV < m,; < 30 GeV, as shown in figure 6.21d. The jet
mass of the signal can take a maximum value of 30 GeV, whereas a large
amount of the Z — g7 and Z — 777~ events have higher jet masses. The
lower bound is set due to the tau mass of 1.777 GeV.

The statistics of the cut-flow for the low mass analysis is shown in table 6.3.
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Figure 6.19: Sketch of the cut-flow for the low mass analysis.
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Figure 6.20: Distributions of the cut-variables for the low mass analysis,
shown after preceding cuts from the sequence in the cut-flow (in figure
6.19) were applied. The lines with an arrow indicate the cuts, where
the shaded areas indicate discarded events. The distributions show (a)
number of muons with p > 3 GeV, (b) the absolute value of cosine of the
angle of the missing momentum, | cos(68,)|, (c) cosine of the angle between
the missing momentum and the muon, cos(p, 1), and (d) the energy of the
one reconstructed jet, Eje.
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Figure 6.21: Distributions of the cut-variables for the low mass analysis,
shown after preceding cuts from the sequence in the cut-flow (in figure
6.19) were applied. The lines with an arrow indicate the cuts, where the
shaded areas indicate discarded events. The distributions show (a) cosine
of the angle between two forced jets, cos(j, j), (b) the maximum value
of cosine of the angle between one of the two forced jets and the muon
max(cos(j, 1)), (c) cosine of the angle between the muon and one jet, for
the events not adequate to construct two jets, cos(j, t)norz, and (d) the
mass of the one reconstructed jet, m1,;.
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6.9 High Mass Analysis

The high mass analysis was applied for signals with masses 30, 40, 50, 60,
70, and 80 GeV. A sketch of the cut-flow diagram is shown in figure 6.23.
The signal tends to have a di-jet signature for signal masses greater than
30 GeV, which is why the analysis is based on a reconstruction of two jets
for all events.

As for the low mass analysis, exactly 1 muon with momentum greater than
3 GeV was required, and the absolute value of the angle of the missing
momentum was required to be less than 0.94. The distributions of number
of muons with p > 3 GeV, and |COS(6}/)| are shown in figure 6.22a and
6.22b, respectively.

- - R e e
BZ—->qq [eeqq [IN(30) BZ—qq [leeqq [IN(30)

o1
»

Z E ERRS
2107 ONG0) = S ON (50)
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10° = 2
E 3 w
10° =
10° .
10°E -
102 .
10E .
1k il T
0 1 2 3 4 5 6 7 08 09
#u 1cos(
(a) (b)

Figure 6.22: Distributions of the cut-variables for the high mass analysis,
shown after preceding cuts from the sequence in the cut-flow (in figure
6.23) were applied. The lines with an arrow indicate the cuts, where
the shaded areas indicate discarded events. The distributions show (a)
number of muons with p > 3 GeV, and (b) the absolute value of cosine of
the angle of the missing momentum, |cos(6))|.

To discriminate against against Z — ¢¢ and Z — bb events, where a heavy
quark decays semileptonically. e.g. b — cuv,, and against Z — 777~
events, a requirement was made for cos(p, ) < 0.80, as shown in figure
6.24a.
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For the considered mass range above 30 GeV, the signals tend to have a
di-jet signature, hence all events were forced into exactly two jets. Each jet
was required to include at least one charged particle, and have an energy
of at least 3 GeV. The reconstructed muon was not included in the jet
reconstruction. The distribution of the minimum jet energy is shown in
figure 6.24b.

The angular distribution between the two jets was required to be in the
interval between —0.80 < cos(jet,jet) < 0.98 shown in figure 6.24c. The low
boundary was set considering the back-to-back signatures of jets coming
from Z — g7 and Z — t*1~ with both 7s decaying hadronically. The
upper bound was set due to mono-jets from Z — 71~ forced into two jets.

A background contribution consists of Z — ¢¢ and Z — bb events where a
heavy quark decays semileptonically. This background can be suppressed
by observing that in such events the lepton from the heavy quark decay
tends to be in geometrical proximity to the associated jet. Hence a
requirement on the minimum distance between the muon and the closest
jet comes to mind. One problem with this is, that all events have been
forced into a two-jet topology, and thus in the case of a hard gluon radiation
this does not give a realistic picture of the event. To circumvent this, events
were now (attempted to be) reconstructed as three-jet events before the
cut of the maximum value of cosine of the angle between the muon and
one of the three jets, max(cos(jet;, u)) < 0.80, was applied, as shown in
figure 6.25a.

For the sub-sample of events incapable of forming three jets, the same
requirement on a maximum value of the cosine to the angle between the
muon and one of the two reconstructed jets, max(cos(jet;, 1)) < 0.80, was
made, shown in figure 6.25b.

To check the co-planarity of the events, yet again, a sub-sample of
events possible to construct three jets, was required to have an angular sum
between the three jets below Zi,j(jeti,jetj) < 300° fori, j=1,2,3, shown in
figure 6.25c. The lower the signal mass, the more a-coplanar the events
were due to the energy of the active neutrino produced in association with
the sterile neutrino. For the remaining events, incapable of forming three
jets, no cuts were applied.

Finally a cut was made for the minimum jet mass et min > 1.8 GeV,
shown in figure 6.25d, to discriminate against hadronic 7 decays, with its
mass of 1.777 GeV.

The statistics of the cut-flow for the high mass analysis is shown for
the background and signal in table 6.4 and 6.5, respectively.
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Figure 6.24: Distributions of the cut-variables for the high mass analysis,
shown after preceding cuts from the sequence in the cut-flow (in figure
6.23) were applied. The lines with an arrow indicate the cuts, where the
shaded areas indicate discarded events. The distributions show (a) cosine
of the angle between the missing momentum and the muon, cos(p, 1), and
(b) the minimum jet energy of the two reconstructed jets, min(Ej), and (c)
cosine of the angle between two reconstructed jets, cos(jet,jet).
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Figure 6.25: Distributions of the cut-variables for the high mass analysis,
shown after preceding cuts from the sequence in the cut-flow (in figure
6.23) were applied. The lines with an arrow indicate the cuts, where the
shaded areas indicate discarded events. The distributions show (a) the
maximum value of cosine of the angle between one of the three forced
jets and the muon max(cos(j;, 1)) withi =1,2,3, (b) the maximum value
of cosine of the angle between the muon and one of the two jets, for the
events not adequate to construct three jets, max(cos(ji, 4)nor2) withi =1,2,
(c) the sum of the angles between the three forced jets, }°; j Qjetj,jetj with
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6.10 Sliding Cuts

To isolate each signal, sliding cuts were applied for the missing momentum
and for the invariant mass, after both the low mass and high mass analysis.
The cuts for missing momentum were applied at £3.5 GeV around the
theoretical values of p,, shown for each signal in the table in figure 6.2b.
The same procedure was done for the invariant mass with a cut on m; at
+4 GeV around the sterile neutrino mass My. A sketch of the procedure is
shown in figure 6.26.

I p/x35Gev

¢

My + 4 GeV
_—

Figure 6.26: Sketch of the procedure of sliding cuts.

Sliding Cuts for Low Masses

The distributions of y and . from the LM analysis are shown in figure
6.27a and 6.27b, respectively, before the cuts were applied.

Zero background was optained for the 10 GeV and 20 GeV signal but a
single Z — %7~ event remained for the 30 GeV signal. The specific event
had the decay products:

Z - 't 5 v n'n + vetv, + y with (y - ptuo)
In figure 6.28 a possible decay is illustrated in a Feynman diagram.

Sliding Cuts for High Masses

After all cuts were applied, all signals were background-free, except for
the 80 GeV signal with three Z — g7 events. Of those three events, two of
them were cC decays and the last a bb decay.

Statistics for Sliding Cuts

Since the 30 GeV signal was analysed in both the LM and HM analysis, effi-
ciencies from the two analysis were combined. A total of 7302 events from
the 30 GeV signal remained after all cuts in the LM analysis in presence of
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Figure 6.27: Distributions of the sliding cut variables after the low mass
analysis. The lines indicate the cuts and the shaded area indicate the
discarded events. The sliding cuts were applied on the variables (a)
missing momentum, and (b) the invariant mass. For the distribution in
(a) the cuts for the separate masses overlap, hence only the cut for the 30
GeV signal is displayed for clarity.

Figure 6.28: Feynman diagram of a possible decay of the remaining 77~
background. In the hadronic 7 decay, the intermediate W-bosons are left
out for simplicity and mesons are drawn with a bold line.
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Figure 6.29: Distributions of the sliding cut variables after the high mass
analysis. The lines indicate the cuts and the shaded area indicate the
discarded events. The sliding cuts were applied on the variables (a)
missing momentum, and (b) the invariant mass.

one 771~ background event. The HM analysis was background-free for
the 30 GeV signal, with 3616 remaining signal events. 3522 of the same 30
GeV signal events appeared in both analysis, which gave a total of 7396
unique signal events for the combined 30 GeV signal.

Statistics for the sliding cuts applied on all signal samples are given in
table 6.6.

As seen from table 6.6 the efficiency obtained for the short-lived sterile
neutrino search is between 22 — 74%. The obtained efficiencies are compat-
ible or better for all mass points than the efficiencies obtained at DELPHI,
see figure 4.2b.
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Process: Signal Z—q] Z-ort'tv Z-uptu eteqq qaguv
Initially produced: ~ 10* 10° 5-10° 5-10°  4.1801-10° 14.01
N(10):

pv 3.5 GeV 3826 1 0 0 0 0.0

My + 4 GeV 3725 0 0 0 0 0.0
N(20):

pv 3.5 GeV 6881 1 1 0 0 0.003

My +4 GeV 6776 0 0 0 0 0.0
N(30)LM:

pv 3.5 GeV 7418 2 4 0 0 0.011

My + 4 GeV 7302 0 1 0 0 0.007
N(30)HM:

py 3.5 GeV 3652 0 0 0 0 0.003

My + 4 GeV 3616 0 0 0 0 0.002
N(30) combined:

My +4 GeV 7396 0 1 0 0 0.007
N(40):

pv 3.5 GeV 5057 0 0 0 0 0.021

My +4 GeV 4970 0 0 0 0 0.006
N(50):

pv 3.5 GeV 5352 0 0 0 0 0.049

My + 4 GeV 5207 0 0 0 0 0.01
N(60):

pv + 3.5 GeV 4931 2 0 0 1 0.066

My + 4 GeV 4739 0 0 0 0 0.005
N(70):

pv 3.5 GeV 3991 5 0 0 0 0.048

My + 4 GeV 3770 0 0 0 0 0.004
N(80):

pv 3.5 GeV 2358 44 4 1 0 0.021

My +4 GeV 2189 3 0 0 0 0.0

Table 6.6: Statistics for the cut-flow of the sliding cuts.






CHAPTER

PROJECTED SENSITIVITY FOR
STERILE NEUTRINOS SEARCH AT

THE FCC-¢e

N the previous chapter an cut-based analysis was made for a Monte
Carlo study of sterile neutrinos with short lifetimes at masses
between 10 and 80 GeV. In this chapter the projected sensitivity of
the search for short lived sterile neutrinos at the FCC-ee is derived from
the results of this analysis followed by a discussion of the results.

7.1 Search Sensitivity

From the event selection, a background-free sample was optained for
most of the signals samples. To compare results with DELPHI [1] a 20
significance was chosen, calculated by the Gaussian approximation

zZ ="

> 2. (7.1)
b+s

‘

Here s and b denote the number of signal and background events, respec-
tively. To set a limit with 95% confidence level, at least 4 observed signal
events were required for the background-free samples, at least 4.83 signal
events for samples with one background event, and at least 6 observed
signal events for samples with 3 background events. In order to obtain a

97
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95% C.L., the required number of produced signal events, Nzg’d, varies
depending on the signal efficiency, €, with Nfif;d = N;’ik; /€sig, Where N;’izs
is the number of observed signal events. The values of observed signal
events, required signal events produced, and the signal efficiency are

given in table 7.1 together with the branching ratio for each signal.

The expression for the mixing angle of a sterile neutrino that only mixes
with the muon flavour |9uN|2 is obtained using BR(Z — vN) =I'(Z — vN)/I';
with the expression of I'(Z — vN) from equation (2.30). The relation
BR(Z — v,uqq) = BR(Z — 7,N) - BR(N — u*qq’) is used since only decay
channels including a muon are considered and has a branching ratio on
BR(N — u*qq’) = 0.5, from equation (2.32).

|9 le — 3‘/57-( . 1 ) rZ . BR(Z - vl"tuqq)
! G- (M) BR(N — u*qq’)

(7.2)

From this expression, points in the parameter space My, IQMNI2 can be
calculated in order to estimate a limit, with values given in table 7.1. The
limit estimated from this analysis is projected with a 95% confidence level
in conjunction with previous limits, shown in figure 7.1.

My [GeV]  €4g[%] Nug NE NP8 BR(Z —vN — p*qq) |6

obs rod
10 37.3 0 4 18.7 7.51-1078 5.76 - 1077
20 67.8 0 4 5.9 4.13-1078 3.35-1077
30 74.0 1 483 6.5 4.56-1078 410-1077
40 49.7 0 4 8.1 5.63-1078 5.93-1077
50 52.1 0 4 7.7 5.37-1078 7.19-1077
60 474 0 4 8.4 5.90-1078 1.14-10°°
70 37.7 0 4 10.6 7.42-1078 2.56-107°
80 219 3 6 274 1.92-1077 1.96-107°

Table 7.1: Table with values of the sterile neutrino masses, signal efficiency
and number of remaining background events obtained from table 6.6. The

number of observed signal events N;ii 4 of Z = PN with N — p*qq’ is
obtained from equation (7.1), and the number of required signal events
produced is obtained from N°? and the efficiency. The branching ratio of
Z — vN — p*gq is from the ratio N;lrgo +/Niot and the mixing angle [0,y is
obtained from equation (7.2).

Comparing the results to DELPHI [1], this study performs between 17
and 40 times better for the branching ratios, depending on the mass point.
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Figure 7.1: Sensitivity at 95% C.L. for the mixing angle |0,y|* (here denoted
|Uy1|2), as function of the sterile neutrino mass My (here M;), at the FCC-ee
for sterile neutrinos with long lifetime (solid, light green) and sterile
neutrinos with short lifetime (solid, green) in conjunction with previous
limits. An extrapolated limit for sterile neutrinos with short lifetime in
FCC-ee with 102 Z bosons is drawn with a dashed green line.

A factor 30 is gained from the 30 times higher luminosity in this study
compared to DELPHI. Since only one decay channel was chosen for this
study, it was not sensitive to all decay channels, as DELPHI was, and thus
a factor of two in difference from the branching ratio BR(N — u*gq’) = 0.5
under the assumption of N mixing only via the v,,.

7.2 Discussion of Search for Sterile Neutrinos
with Short Lifetime

The background estimate is one of the limiting factors for this analysis.
An approach could be to cluster the correlated cuts, then estimate the
selection factor for each uncorrelated sequence of cuts, and finally scale
the background. A toy simulation with the estimated background and a
Poisson distribution could then be made to obtain the uncertainty on the
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background.

However, a better statistical precision would not necessary lead to a
more accurate result, due to certain caveats with presumed systematic
errors: The analysis relies on the generators, PYTHIA and WHIZARD,
for very rare decays, which are not necessary the complete description,
and relies on a rough detector parametrisation, with parameters not yet
well determined. With these caveats, this analysis gives an estimate on a
95% CL limit for sterile neutrinos with short lifetime at a luminosity of
L =3.33fb ! at FCC-ee. In case of an analysis with real data, the Monte
Carlo simulations would have been tuned to data.

A more rigid calculation of the results are calculated with Poissonian
distribution and profile likelihood ratio in appendix A.2, and expose only
a deviation on 2 — 3%. The simple and more straightforward Gaussian
approximation is chosen for the calculations, due to the presumably
relatively large systematic uncertainties.

Regarding the remaining three Z — g7 events, two of them were c¢
events and one bb event. This background could be reduced even more by
flavour-tagging, as illustrated in figure 7.2, especially when considering
that the signal has a very low probability of containing b quarks, due
to the smallness of V from the CKM-matrix. With the very efficient
heavy flavour tagging as a modern detector in FCC-ee would have, a
large amount of this background could potentially be removed. A sim-
ilar procedure could be done for 7-tagging, to reduce that background.
This strategy requires an assumption on very short lifetime of the sterile
neutrino, since flavour tagging is evaluated from the time-of-flight of the
particles in the vertex detector.

Through this preliminary study an estimate was made for the sensitivity
of the sterile neutrino mixing angle IGHNI2 in the FCC-ee, obtained from
the decay channel N — ugg. An analysis considering all possible decay
modes of the sterile neutrino, hadronic, and leptonic, could potentially
improve the limit almost by a factor two.

All together the projected limit from this study has potential of improve-
ments, however with the caveat of the analysis is based on the current
expertise of the generators PYTHIA and WHIZARD.
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Figure 7.2: Flavour tagging performance for Z — g7 at Vs = 91GeV and
Vs = 250GeV from [41].

7.3 Extrapolated Sensitivity for 10'* Z decays

In respect to the outlined production of 10'* Z bosons at the FCC-ee,
corresponding to a factor 10* more events than generated for this study, a
simple scaling was done in order to extrapolate the limit achieved in this
study.

Assuming background-free samples for a factor 10* higher statistics
would result in a scaling of the limit proportional to 1/N with a factor 10*
better limit. This is though very(!) optimistic, especially considering the
four-fermion background e*e™ — gguv, that with a factor 10* becomes, for
this analysis, an irreducible background. Even though the efe™ — gguv
background is reduced by 99.986% — 99.936%, it is not adequate to achieve
a background-free sample with a factor 10* higher luminosity. As seen
in figure 6.17a and 6.17b, the distributions for missing momentum and
reconstructed mass are relatively flat. With sufficient signal events, a peak
would form around its given mass and missing momentum.

When assuming irreducible background, a more realistic but perhaps
slightly conservative scaling by 1/ VN would result in a factor 100 better
limit, as shown in figure 7.1. The analysis could possibly be optimised
and potentially give a better limit than that.






CHAPTER

CONCLUSION

==1N this preliminary study, the first part outlined how the Neutrino
Minimal Standard Model, vMSM, provides an extension to the
dStandard Model (SM), by explaining phenomena yet unexplained
by the SM, neutrino oscillations, dark matter, and baryon asymmetry.
In the vYMSM, three heavy, sterile, right-handed neutrinos are added to
the Standard Model with almost no coupling to matter, and only couple
through a small mixing angle O to the active left-handed neutrinos.

The FCC-ee, a proposed future circular e*e™ collider, is expected to
produce 10" Z bosons during the time of operation. With this large
amount of statistics, very rare events can be probed, as for this study,
sterile neutrinos. The sensitivity to sterile neutrinos in the FCC-ee was
explored with two main studies, one for long lived sterile neutrinos, and
one for short lived.

In the study for long lived sterile neutrinos, the expected limit for the
mixing angle |0]* was computed with a 95 % confidence level in the mass
range 10 — 80 GeV. Based on the discussion in section 5.1 the background is
negligible for this search. FCC-ee has prospects of setting limits or finding
sterile neutrinos with mixing angles |6|* down to 107"

For the short lived sterile neutrinos a Monte Carlo study was performed.
Background samples were generated corresponding to a total of 1.43 - 108
Z events at a center of mass energy at 91.2 GeV, corresponding to a
luminosity of 3.33 fb™'. Two cut-based analyses were made, one for low
masses at 10 — 30 GeV, and one for high masses at 30 — 80 GeV. For all of
the eight signal samples (10, 20, 30, 40, 50, 60, 70, and 80 GeV), except two,
background-free samples were obtained. The contributing backgrounds
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were Z — 7°17” (1 event) and Z — g7 (3 events). For this study 95 %
C.L. was reached at a mixing angle on |0,n[> ~ 1077 — 107 for all masses,
corresponding to a branching ratio on BR(Z — vN) with N — ugj on
~107®. For the 80 GeV signal the limit was decreased to |0,n[* ~ 107°, due
to constraints by the phase space and by the hard discrimination of signal
versus background.

The search reach for short lived sterile neutrinos, based on the Monte
Carlo study, is almost two order of magnitude better than the current
best limit for the same mass range, obtained by DELPHI. The result is
summarised in figure 7.1.

The statistics of Z bosons expected from the FCC-ee is four orders of
magnitude larger than the statistics generated in the Monte Carlo study
for the short lived sterile neutrino analysis. With this amount of statistics,
the four-fermion background gguv becomes an irreducible background
(see table 6.6). With sizable background the limit scales with 1/ VN, where
N is number of events. With this conservative estimate and 10'2 Z bosons
the limit would scale by a factor 100. Suggestions for improvements of the
analysis are discussed in section 7.2 in order to gain an even better limit.









APPENDIX

APPENDIX

A.1 Generation of signal in PYTHIA

For generation of signal events in PYTHIA, all strings are parsed to
pythia.readString(). The id:new and addChannel function is given the
following parameters, where the branching ratio, bRatio, is calculated
due to the CKM-matrix for all quarks except for the top quark:

BR(W* — giq;) = _Jfgii_

L VP
id:new = name antiName spinType chargeType colType m® mWidth mMin mMax tau®
isResonance mayDecay doExternalDecay isVisible doForceWidth

id:addChannel = onMode bRatio meMode productl product2 ....

Generation of signal:

"WeakSingleBoson: ffbar2gmZ = on";
"5000000:new = N2 N2 2 ® 0 xx. 0.0 0.0 0.0 0.0 06 1 0 1 0";
"5000000:isResonance = false";

"5000000:addChannel = 1 0.4652853137 91 -1 2 13"; // Du mu
"5000000:addChannel = 1 0.2477664259e-1 91 -3 2 13"; // Su mu
"5000000:addChannel = 1 0.8201559847e-5 91 -5 2 13"; // Bu mu
"5000000:addChannel = 1 0.2372986153e-1 91 -1 4 13"; // Dc mu
"5000000:addChannel = 1 0.4853957884 91 -3 4 13"; // Sc mu
"5000000:addChannel = 1 0.8041922597e-3 91 -5 4 13"; // Bc mu
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"5000000:mayDecay = on");
"23:onMode = off");
"23:addchannel = 1 1. 103 12 5000000");

A.2 Results calculated with Poisson statistics and
profile likelihood ratio

From the event selection, a background-free sample was optained for most
of the signals samples. Considering fluctuations from the low statistics, the
few background events are expected to follow a Poissonian distribution.
For events with 0 background events, less than 3 background events are
expected with 95% confidence, for 1 background event; 4.74, and for 3
background events, less than 7.75 events are expected [57]. To compare
results with DELPHI [1] a 20 significance was chosen, calculated by:

7= \/2((s+b)-1n(1+%)—s)22 (A1)

Based on profile likelihood ratio from [58], where s and b are number of
signal and background events. The required number of produced signal
events varies depending on the signal efficiency, Nfi? = Ngf’gs/ €sig, which
values are given in table A.1 together with the branching ratio for each

signal.

The expression for the mixing angle between the sterile neutrino mixing
and the muon flavour |0, /? is obtained using BR(Z — vN) = I'(Z — vN)/I';
with the expression of I'(Z — vN) from equation (2.30). The relation
BR(Z — v,uqq) = BR(Z — 7,N) - BR(N — u*qq’) is used since only decay
channels including a muon are considered and has a branching ratio on
BR(N — u*qq’) ~ 0.5 obtained from figure 2.6.

0.1 = EACLI Ty BR(Z = 7utgd) (A.2)
T Geem qi(My) 7 BRIN = ptaq)’

from which points in the parameter space My, |0,nI* can be calculated in
order to estimate a limit. Values are given in table A.1.
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My [GeVl  eggl%] Nog Nig N5, BR(Z— VN - pqq) 0P
10 373 0 3 110 7.66-10°° 5.88-107
20 678 0 3 60 422107 3.42-1077
30 74 1 474 67 471107 4231077
40 97 0 3 82 5.74-1078 6.05-1077
50 21 0 3 78 5.48-1078 7341077
60 74 0 3 86 6.02-107 1.16-10°
70 377 0 3 108 7.57-10°8 2.61-107
80 219 3 775 283 1.98-1077 2.03-1075

Table A.1: Table with values of the sterile neutrino masses, signal efficiency
and number of remaining background events obtained from table 6.6.

The number of observed signal events N° 40fZ > VN with N — p*qq’
pro

is obtained from equation (A.1) based on Poisson statistics and profile
likelihood ratio, and the number of required signal events produced is

obtained from N

sig
obs

and the efficiency. The branching ratio of Z — vN —

p*gq is from the ratio N;ii 4/Niot and the mixing angle |0,y[* is obtained
from equation (7.2).
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