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1. INTRODUCTION

In this thesis we cover the research done on a particular extension of the Standard Model
(SM), the scalar triplet of Higgs bosons. With the introduction of the scalar triplet to the
SM, the current neutrino mass problem can be solved and we look for the experimental
signatures that can lead to the discovery of the scalar triplet components as well as the
concrete decay mechanisms. In addition we discuss the possible implications from the decay
statistics to neutrino physics through the relationship between the Yukawa coupling of the
scalar triplet and the neutrino mass matrix. It can be shown that the connection does indeed
give us valuable information. It can be used to predict the results of collider experiments
by estimating the collider signatures. Once the particle is found the same relation and the
information obtained in the collider can be used to estimate the actual unknown neutrino
parameters.

This thesis is organized as follows. In the beginning a short introduction to the concepts
of high energy physics (HEP) is given in Section 3 followed by a more detailed explanation
of the Standard Model on the aspects required for this thesis in Section 4. We then give
an introduction to the neutrino physics and its problems in Section 5 as well as possible
solutions. In Section 6 we go into more details of the Type-II seesaw and introduce the scalar
triplet and its phenomenology. We also go into more details on how to predict the branching
ratios using neutrino data in the same section as well as searches for the scalar triplet in the
current and upcoming experiments. As a last section, the Section 7 covers the reverse process
of estimating neutrino parameters based on the already found scalar triplet decay statistics
after which we conclude the thesis.

The author would like to thank James Letts, Kristjan Kannike and Andi Hektor for useful
comments and proofreading and his lovely wife, dogs, cats and other animals for standing by

him and supporting him during the work on this thesis.



2. LIST OF ACRONYMS

ALICE - A Large Ion Collider Experiment. A detector at the LHC accelerator.
ATLAS - A Toroidal LHC ApparatuS. A detector at the LHC accelerator.

BR - Branching Ratio.

CDF - Collider Detector at Fermilab. A detector at the Tevatron accelerator.
CERN - Conseil Européen pour la Recherche Nucléaire. European nuclear research
center.

CMS - Compact Muon Solenoid. A detector at the LHC accelerator.

CP - Charge and Parity symmetry.

DELPHI - DEtector with Lepton, Photon and Hadron Identification.

EWSB - ElectroWeak Symmetry Breaking.

GeV - Giga electron-Volt.

HEP - High Energy Physics.

IGEX - International Germanium EXperiment.

ILC - International Linear Collider.

LFV - Lepton Flavor Violation.

LHC - Large Hadron Collider.

LHCD - Large Hadron Collider beauty experiment at the LHC accelerator.
LEP - Large Electron Positron collider.

OPAL - Omni-Purpose experiment At LEP.

PETRA - Positron Elektron Tandem Ringbeschleuniger Anlager (positron electron
cyclotron machine).

PMNS - Pontecorvo-Maki-Nakagawa-Sakata mixing matrix.

SM - Standard Model.

VEV - Vacuum Expectation Value.



3. PRINCIPLES OF HIGH ENERGY PARTICLE PHYSICS

3.1. Study of fundamental interactions through particle collisions. We know that
the electromagnetic and weak force can be joined to a new force called the electroweak force.
We also know that we can extend the same mechanisms to some extent and we can include the
strong interaction to form a general model of fundamental interactions called the Standard
Model [1]. However the theoretical model explains that such unifications happen at energies
way beyond that which we have in our usual room temperature regions or what we can
obtain from simple experiments in the laboratory. The theories also predict that our universe
contains a multitude of objects which at times are so short lived that we have no easy way of
observing them. We know from evidence of radioactive decay, experiments with light and so
on that certain particles are related to each other through different interactions, which seem
to be mediated by different forces. If we describe the model in mathematical terms through
symmetries and gauge fields adhering to these symmetry groups, then we get a number of new
fields that we do not observe in the ordinary day-to-day life. To understand how correct our
predictions are we need to create laboratory conditions where we can on a regular basis create
these particles/fields and study their properties. Only through understanding the relations
between the actual world and our mathematical models can we understand how close to the
truth we are and from there extend our knowledge to predict new phenomena.

To do so requires the search and precise measurements of a multitude of particles that are
not visible ordinarily as well as not created in a simple way. The only way we can create
them on a regular basis is to build particle accelerators, which in essence are high energy
concentration machines. Through acceleration of particles to very high energies and then
collisions of such energetic particles can we get a glimpse of the state of the universe as it
is at high energies. The reason we require the energies to be high is due to the fact that a
number of these new phenomena are carried by particles with a very large self energy and in
normal conditions they cannot exist. To give an example of the latest discoveries in this field
would be the discovery of the top quark in 1995 at Tevatron [2, 3] or the discovery of the
W [4] and Z [5] particles in the middle of the 1980-s. The energy that these particles operate
at is in the region of 100 — 200 GeV which if we were to convert this energy to temperature
(where the average energy of the particles would be in the order that we describe) would

mean an average temperature of ca 10'°K. The temperature of the Sun for comparison is the



order of 107K [6] and is an extremely cool place in comparison. The only time such particles
were freely produced and seen in abundance was at a very early stage of the universe when
the average temperature was on the same order. A particle collision is built on the principle
that during the collision the two particles, which are colliding, interact and as they have an
abundance of energy besides their rest-mass then this energy can during the interaction be
used to create new particles as long as the particles have direct interactions with the colliding
particles. As some of these particles have a very large mass in comparison to the particles
we observe every day, then they can only be produced if the excess energy in the collision is
higher than the mass of the particles to be created.

Through building particle accelerators we can hence take a glimpse at an universe in an
early phase, understand the particle content of it and from there deduce the fundamental
interactions that govern our universe. Through such understanding comes new knowledge
and that new knowledge converts over time to new technologies. As a good example the
work on electromagnetism and the discovery of electron have lead us to a highly technical
society where electronics is so common that life without it would be unthinkable. Yet a bit
more than a century ago we couldn’t even utilize electricity. It was only a few decades ago
when majority of the technology around us was still based on simple mechanics, but which
is being replaced every day by electronics. The understanding of radioactivity has lead to a
number of breakthroughs in medical research as well as understanding materials and providing
higher quality components to manufacturing through ways to observe the internal structure
of components. The understanding of radioactivity and strong interactions has also lead to
the use of nuclear energy without what our society probably couldn’t exist in the current
energy utilizing way it does to date. Who knows which doors will be opened with the further

understanding of the fundamental interactions and possible discoveries of new interactions.

3.2. Current and future colliders and the physics outlook. A small overview of the
recently closed Large Electron Positron collider (LEP) [7] experiment is in order, before a
more detailed overview of the experiments currently in operation can be given. The LEP
experiment was an electron-positron collider which reached by the end of its life centre-
of-mass energies of around 210 GeV allowing it to perform precision measurements of the
electroweak carrier bosons and to-date it has provided the best measurements on them [8].

LEP was an electron-positron collider, which means it belongs to the class of colliders capable

10



of precision measurements. In an electron-positron collider the initial state at the time of
collision is known in all dimensions and the energy distribution can be estimated very well.
In addition as the electron and positron annihilate and the resulting new physics comes from
the annihilation energy, then the experimental signatures are extremely clean with a very low
multiplicity of particles. This allows in addition to searches of new physics also very high
precision measurements of a number of physical phenomena. As an example we make use
later on of the measurements of the decay widths of the Z boson to estimate the number of
neutrino generations in our universe. Such measurements are only possible in very high purity
samples which can only be obtained from electron-positron or similar colliders’.

We now turn our attention to the experiments currently in operation. For over 20 years
Fermilab has been operating a proton anti-proton collider called the Tevatron [10]. Although
the initial startup didn’t go very smoothly, the accelerator with the two main detectors of
DO and CDF has made at least one discovery and a number of additional measurements
and has been performing well over the past few years. The highlight of Tevatron is most
certainly the discovery of the top quark in 1995 which had been anticipated for a very long
time and which was not seen in LEP due to kinematic constraints (the mass of the top-
quark is approximately 175 GeV and the main production channel is production of a top and
anti-top). Since LEP did not find the currently most sought after Higgs boson (for details
on the boson see section 4), the search has continued at the Tevatron collider. To date the
particle has not been observed, however the mass reach has been extended by the Tevatron
experiments on multiple occasions and in recent publications they are close to excluding the
Higgs boson in some mass regions. The current operations of Tevatron were planned to be
stopped at the time of the Large Hadron Collider (LHC) [11] startup around the beginning of
this century, however as the LHC project was delayed on a number of occasions, the Tevatron
has been extended to increase its statistics and hopefully provide already some evidence of
physics beyond the SM by the startup of LHC. As it is now known that LHC will start this
year (2008), then the 2009 is at this time considered the last year of Tevatron running as the
LHC experiment will pass the statistical amount as well as the energy frontier already in the

first full year of operations.

LUnder similar colliders we mean lepton colliders, which at this moment means electron-positron machines.
However potential muon-antimuon machines have been under discussion if the muon cooling problems are

solved [9].
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The LHC is the newest particle accelerator to be built. It is built in the same tunnel as
the original LEP experiment at the border of Switzerland and France. It is a proton-proton
collider with a centre-of-mass energy of 14 TeV. However, like in the Tevatron experiment
the actual energy between the colliding particles is smaller due to the use of protons because
proton is not an elementary particle, but a composite object with a very complex inner
structure. Depending on the collision process the effective collision energies can be as low
as 1 TeV to all the way around 10 — 12 TeV. Due to this uncertainty as well as an initial
state uncertainty (the kinematic distribution between the different partons inside proton is
unknown) the machine is mostly a discovery machine and not that much a high-precision
machine. It has four main experiments: CMS [12], ATLAS [13], LHCb [14] and ALICE [15]
with the first two being general purpose experiments and the final two being built for very
specific studies. The LHCb concentrates on the b-quark physics and the CP violation studies
while ALICE is designed for the heavy ion running phase of LHC to study the quark-gluon
plasma. effects.

In case the LHC makes a certain discovery of new particles and the need arises to perform
precision measurements of such particles, then a possible new particle accelerator, which has
been labelled as the International Linear Collider (ILC) [16], could be built. The ILC would
be a linear collider as opposed to the cyclotrons covered above. Due to new developments in
accelerator techniques the collider could reach as high centre-of-mass energies as 500 GeV to
1 TeV using electrons and positrons as the colliding particles. The ILC is currently still in
the design phase and a number of speculations say that its building decision depends on the

results of the first years of LHC running.

4. OVERVIEW OF THE STANDARD MODEL

The Standard Model of particle interactions [1] is one of the most formidable theories of 20th
century. This theory describes the weak, electromagnetic and strong interactions. The central
idea of the Standard Model is that all the interactions are based on local gauge symmetry.
The gauge bosons which mediate interactions correspond to the generators of the symmetry
group. These bosons interact with fermions of the model. The fermion content is constructed
in order to reproduce experimental data. There are three generations of leptons and quarks
in the Standard Model. The former particles feel only the electroweak interactions while the

latter also know the strong interaction. In addition, the minimal model contains one scalar
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doublet which interacts with fermions via Yukawa interactions and induces the spontaneous
symmetry breaking which gives masses to all the particles in the model.

The Standard Model is based on the local gauge group
SU(3)e x SUL(2) x Uy (1),

where SU(3). is responsible for strong interactions and SUL(2) x Uy (1) for the electroweak
interactions. In what follows, only the gauge group SUL(2) x Uy (1) plays a role and all the
quantum numbers for the fields are given for that group only.

There are four gauge fields in the electroweak sector of the model. They correspond to the
generators of the gauge group. The fields corresponding to the non-abelian SU(2) group are
denoted by A = {A;, A2, A3} and the one for the abelian U(1) symmetry by B. The physical
particles are linear combinations of these fields, two of them are charged (W¥) and two are
neutral (Z° and the photon 7).

The leptonic fermion content of the model is constructed as follows. In the theory the
left-handed fields for neutrinos and charged leptons, vz, and ¢, respectively, form an SU(2)p,

doublet while the right-handed field for charged leptons, ¢g, is a singlet,

vy
L= ~ (2, -1), lp~ (1,-2).

lr
The fields £;, and £i form one Dirac fermion with the Dirac mass for each generation of charged
leptons. The right-handed neutrino (vg) is not required for the theory to be consistent and,
therefore, neutrinos are exactly massless in this model. The hypercharge quantum numbers

of the fields come from the charge formula:

Y

Q = T3 + 57

where Y is the hypercharge, the quantum number of U(1) group, and 73 is the third component
of the SU(2) generators. The left handed leptons form a doublet to allow them to emit W=
bosons and hence account for experimental evidence for left handed weak currents. There has

not been any experimental evidence for right-handed weak currents and hence no right-handed

doublet [17].
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In addition to the lepton doublet and singlet the theory also contains an SU(2) doublet of

scalar fields,
+
2
¥ = 0 ~ (21 1)
2
This is required for electroweak symmetry breaking (EWSB) and for generating the Dirac

masses for the fermions.

The parts of the Standard Model Lagrangian relevant for our studies can be written as

L= Eint - ‘/7
where
1 1 — . - . _

Lint = —ZGWGW — ZF“”FW +iLDL + ilgrDlr + (fLlrp + h.c.), (1)

and the potential V' is

L oo 2, 1 4

= M ol*. 2
V= sm?pl? + Aol )

Above, D,, denotes the covariant derivative
. 1
D,=0,—i9T-A,—1ig §YB/M
where
D= D"
The field strengths of the gauge fields are
G = 0,A, —0,A, —iglAA, —AA) =G, T,
where
A,=A,-T; F,, =0,B,—0,B,,.

For isoscalar fields T vanishes, for isospinor fields (¢ and L) T = 17.

The meaning of the terms in the Lagrangian (1) is the following. The first two terms
iGWGW and %FWFW give kinetic terms and self interactions of the gauge bosons. The
terms iLDL and iZRfM gr describe both the free motion of the fermions and their interaction
with the gauge fields. The last terms in eq. (1) are called Yukawa interaction terms. They
describe the Higgs boson interactions with fermions with the strength determined by the

interaction constant f.
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FIGURE 1. On the left: scalar Field Potential for ;2 > 0 and on the right for
u? <0

Let us consider the potential V in eq. (2). It depends on the variable p? which can be
interpreted as a mass parameter. If g2 > 0, then the potential behaves as seen on the left
side of Figure 1 with a single minimum at ¢ = 0. If, however, y? < 0 (u is imaginary), then
the potential behaves as seen on the right hand side of Figure 1 having two minima at 4 (")

where

(") = v =1/ %= 3)

As the minima of the potential define the physical vacuum, the system falls from the vacuum
(@YY = 0 to a new vacuum (") = v. This is called the spontaneous electroweak symmetry
breaking. It introduces a shift in the Higgs field, namely ¢° — ¢% +v. Substituting this shift

into the Yukawa terms in eq. (1) we obtain terms like
flrlrv+ h.c = mylrlg + h.c., (4)
which is nothing but the Dirac mass term for fermions with the mass
mp, = fu. (5)

Since there is no vg field, this mechanism does not work for neutrinos which remain exactly
massless.

The Standard Model is a gauge theory which means that the forces between particles are
modeled through coupling of fermions to bosons which mediate the force. The physical bosons

in the SM which mediate the forces are:

e photons — mediate the electromagnetic interaction and as the boson is massless its

range is infinite. It is one of orthogonal superpositions of fields A3 and B.
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e W and Z bosons — mediate weak interaction which is finite due to large mass of
the bosons (80.4 GeV for W boson [18] and 91.2 GeV for Z° boson [19]). W* are
two orthogonal superpositions of fields A; and As. Z° boson is another orthogonal
superposition of fields A3 and B.

e gluons — mediate the strong force. They possess colour charges (red, green, blue) and
mediate strong interaction. There are a total of eight gluons.

e Higgs boson — introduces spontaneous symmetry breaking which results in particles

having inertial mass.

4.1. The current status of the model. The model has only been confirmed since its first
introduction, but still one element of the model has not been experimentally observed —
the Higgs boson. In addition the model requires neutrinos to be massless, but the latest
measurements indicate that between the three flavors of neutrinos there do exist mass dif-
ferences [20, 21, 22|, which in turn implies that at least two of the neutrinos must have a

non-zero mass. To account for that discrepancy the theory has to be extended.

4.2. Model predictions regarding new particles. The model predicted three new field
carrier bosons: W, Z and Higgs boson. For the W and Z bosons the theory gives an exact
relation for their mass regarding one of the model’s parameters — the Weinberg angle. Once
one of the bosons was found at CERN in 1983 [4] the mass of the other particle was predicted
and later found within experimental measurement errors [5]. Since then a lot of these pa-
rameters have been remeasured with higher precision and it has all been in agreement with
the theory, the only missing piece is the Higgs boson whose mass is not related to any other

parameter in the model.

5. INTRODUCTION TO MODERN NEUTRINO PHYSICS

5.1. Oscillation and mixing of the flavor and mass states. In SM there are three
flavors of leptons. This implies also three flavors of neutrinos interacting through the weak
interaction. Due to their coupling to the W and Z boson it is possible to indirectly measure
the number of neutrino generations from the partial width of the Z boson. The latest results

on this measurement are from the combined LEP results [23] with

N, =2.9841 £+ 0.0083.
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Besides the three generations that we know from the electroweak interaction we could also
have a few generations, which are not interacting through the three SM interactions and only
interact through gravity. Such additional neutrinos are called sterile neutrinos [24]. However
in this thesis we only consider the three known generations of neutrinos and leave the extension
to include sterile neutrinos for the future.

Thanks to many neutrino oscillaton experiments which have been running in the past decade
that involve solar, atmospheric, accelerator and reactor neutrinos it is now known that even
when a neutrino is produced in a well defined flavor eigenstate, it can during the passage of a
macroscopic distance be detected in a different eigenstate. The simplest explanation is that
the flavor and mass eigenstates differ and that neutrinos have a non-zero mass with at least
slight differences between the mass states. This difference in essence means that neutrinos
mix. To define this mixing in mathematical terms we need to define the relationship between
the flavor and mass eigenstates and the mixing matrix that connects them [25].

The neutrino mass matrix can be diagonalized by the unitary leptonic mixing matrix U,

my, = U mPUT, (6)

where the diagonalized neutrino mass matrix m? is given by

ma 0 0
ml=1 0 my 0
0 0 ms3

Here mi, ms and mg represent the masses of neutrino mass eigenstates v1, v» and r3. The
masses of 11 and vy differ by Am?2 | = 7.92(1£0.09) x 1075 eV? measured by solar oscillation
experiments [26] and mj < mg. The third eigenstate v is separated from the first two by
splitting Am2,,, = 2.6(17013) x 1073 ¢V? [27] and can be heavier or lighter than the solar pair.
The two possibilities are called normal and inverted spectrum, respectively and an illustration
to that effect can be found on Figure 2. The third possibility — nearly degenerate masses —

appears when the lowest neutrino mass is large compared to the measured mass differences

and my ~ mgy &~ ms. Cosmology implies that neutrinos are lighter than about 0.2 eV [28].
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normal hierarchy inverted hierarchy

' m— (1)’ (m,)” e— ——
@amd),
(my? —
Ve
amd),,,
Vi @amd),,
V'[
— — (m2)2
@amd)g,
— (ml)2 (m3)2l —

FIGURE 2. Cartoon of the two distinct neutrino-mass hierarchies that fit all
of the current neutrino data, for fixed values of all mixing angles and mass-
squared differences. The color coding (shading) indices the fraction |Ug;|?
of each distinct flavor v,, a = e, u, 7 contained in each mass eigenstate v;,
i =1,2,3. For example, |Uez|? is equal to the fraction of the (m2)? “bar” that

is painted red (shading labeled as ‘v.’). Illustration courtesy of [29].

Since we have assumed that there are only three Majorana neutrinos, U is a 3 X 3 mixing

matrix that depends on three mixing angles and three phases and can be parameterized as

1 0 0 C13 0 Slg,e_i(S ci12 Si12 O el 0 0
U= 0 C23 523 0 1 0 —S12 C12 0 0 6m2 0 5
0 —S8923 (€23 —Slgei(S 0 C13 0 0 1 0 0 1

where ¢;; = cosb;;, s;; = sinf;; and 6;; denote the mixing angles. The quantities J, oy and
ag are CP violating phases. This matrix is also known as the PMNS matrix [30, 31]. ¢ is the
Dirac phase and characterizes CP violation regardless of the character of neutrinos Majorana
phases a1 and a9 are physical only if neutrinos are Majorana particles. If the neutrinos
were Dirac fermions, both Majorana phases could be absorbed by appropriately redefining

the neutrino fields, and the only observable CP violation parameter would be the Dirac phase

18



5. Also note that 6 appears in the mixing matrix only as sinf;3¢”’ — so the influence of &

crucially depends on the value of 613 and has physical consequences only if 013 is non-zero.
The mixing matrix contains six independent parameters: three mixing angles (63, 623 and

012) and three phases (a1, ae and §). Mixing angles are known from the global fit to neutrino

oscillation data and are given by (20 errors) [26, 27]
sin? 619 = 0.314(11012) | sin® O3 = 0.45(17055) | sin? 13 = 0.872% x 1072, (8)
Up to now no experiment has been able to determine the values of phases so that
0, aq, ag € [0,27], (9)
remain unconstrained.

5.2. Neutrinoless double-beta decay. The -decay studies are sensitive to neutrino masses
regardless of whether the neutrinos are Dirac or Majorana particles. An additional sensitive

probe of the neutrino masses is a study of neutrinoless double beta decay, the nuclear process
2X) —2Y 1+ 2e” 4 07,. (10)

The decay rate is potentially measurable only if neutrino is a Majorana fermion. Also, mee =
>, U?me; should be large enough [32, 33] and/or there should exist any new lepton number
violating interactions [34, 35]. The present best upper bounds on double (-decay lifetimes
come from the Heidelberg-Moscow [36] and the IGEX [37] experiments. The combined upper
limit [38] is

mgg < 0.9 eV. (11)

However, if mgg is very small and there are new lepton number violating interactions then
neutrinoless double beta decay will measure the strength of the new interactions rather than
neutrino mass. For example, doubly charged Higgs fields or R-parity violating interactions
can strongly influence the value of mgg. Thus, we must be very careful to interpret a nonzero
signal in double (-decay experiments. The positive results do not automatically mean that
a direct measurement of neutrino mass has been made. To distinguish between the neutrino
mass effect or a reflection of new interactions we have to supplement double B-decay results
with collider searches for these new interactions. In a later chapter we will show how the
results from neutrinoless double beta decay can be combined with collider results to give

additional information on the neutrino sector.
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5.3. Extensions to the Standard Model to account for massive neutrinos. For a
short overview on the neutrino mass generation mechanisms we will now concentrate on the
three minimal models. Those are the right-handed singlet neutrinos, scalar triplet and heavy

vector-like fermions. The models all together are called Seesaw models of types I-I11.

5.3.1. Massive right-handed neutrinos or the type-1 seesaw mechanism. In the simplest case
of Type-I seesaw [39, 40, 41, 42, 43] we introduce mass mixing with two 2-spinors for the

right-handed heavy neutrinos to the SM. The mass matrix can be represented as:

mi ms
M;; = . (12)
ms Mmo
From the Fermi-Dirac statistics the mass matrix M;; has to be symmetric as we can inter-

change the fermion fields in the mass term. We can diagonalize the symmetric matrix using

an orthogonal matrix, which gives us:

m 0
Mgiag = OMOT = 0* , (13)
m_

where O is an orthogonal diagonalizing matrix. If we now look at a few special cases:

e Dirac mass. If we assume m; = mo = 0 and mgs # 0, then the eigenvalues will be +mj
and we get in the Lagrangian the Dirac mass terms. Thus we can consider a pure
Dirac neutrino to be a composition of two massive Majorana neutrinos with equal
mass.

e Pseudo-Dirac mass. If we have mq1 ~ mgy < mg then this state is called pseudo-Dirac.
The neutrino is Majorana, but there is only a slight variation from the Dirac case.
The mass is now +m + § where § < m. In this case the two 2-spinors are maximally
mixed which is strongly supported by the experimental atmospheric neutrino data.

e Majorana mass. In case m; = 0 and mg < mo the eigenvalues become:

2

m, =m_ ~ —%, (14)
ma

M, = my ~ mao. (15)

It is known as the seesaw mechanism and the source of that name is clear. If M, is

getting bigger then m, is getting smaller and vice versa.

That last case explains also why right-handed neutrinos can be very heavy and have not

been discovered yet by experiments as well as the smallness of the neutrino masses.
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5.3.2. Scalar triplet or the type-II seesaw mechanism. In the case of the Type-II seesaw [44,
45, 46, 47, 48] the SM content is extended only by the addition of a SU(2) triplet of scalar fields
with the hypercharge 2. This model with its interactions and predictions is further discussed

in detail later on in section 6. To give a short overview, the scalar triplet is represented as:
(2**, 0%, 97). (16)
The mass term for the neutrinos comes after the EWSB and can be written as

My = _qu)v?]‘\?:%). (17)

This is again a typical seesaw term. The smallness of neutrino masses can either come from

the smallness of the pug parameter or the largness of the scalar triplet mass.

5.3.3. Massive fermions or the type-I1I seesaw mechanism. The last possible scenario that we
consider is the type III seesaw [49, 50], which is an extension of the SM with a SU(2) triplet

fermions with zero hypercharge. The triplet is denoted as
= (222 5?).
The eigenstates of electric charge are:

¥ = \}5 (Z'F.2%), 20=33

The fermion triplet is an adjoint representation of the SU(2) gauge group, thus the Majo-
rana mass term is automatically gauge invariant. After the EWSB the respective terms in
the Lagrangian induce Majorana masses on the SM left handed neutrino fields through the

exchange of Y. fermions. The term generating neutrino masses is
02
m, = —EX‘QM;)\E. (18)

6. THE SCALAR TRIPLET OF HIGGS BOSONS AND NEUTRINOS

6.1. The model. In this work we assume that the SM particle spectrum is extended by a
scalar multiplet ® with the SU(2)zxU(1)y quantum numbers ® ~ (3, 2) as already introduced
in the Type-II seesaw model in equation (16).
The Lagrangian describing the doubly charged Higgs boson interaction with leptons is given
by [51]:
L = Liepton + Lo,
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where
JF 1 pF,,.
iulﬁj + 0,

V2

Liepton = (Yo )i;[@viv; + @ + QT + hec,

and
L,= p®0p000 + /20" PPt + ud "t T + hee
The matrix (Y3);; is the Yukawa coupling matrix of the new Higgs bosons to the lepton
generations 7,5 = 1,2, 3.

A direct connection can be made from doubly charged Higgs boson to neutrino masses:
(My)ij = (Ya)ijur, (19)

where v; is the vacuum expectation value (VEV) of ®° given by [51]

pv?
(Vs — -
m

Because only left-handed neutrinos are involved, this mechanism generates Majorana masses
for the neutrinos, which breaks the lepton number by two units, AL = 2. This is in contrast
with the Dirac masses, which conserve lepton number.

Introduction of the scalar triplet introduces three new particles: the neutral, single charged
and doubly charged Higgs bosons. Of these only the doubly charged Higgs boson is a stand-

alone new particle, the other two Higgs bosons are in a mixed state with the SM Higgs bosons.
6.2. Phenomenology of ®** in HEP collider experiments.

6.2.1. Generation mechanisms for ®**. There are two major methods of producing ®** in
collider experiments. The concrete Feynman diagrams for the production vary depending on
the experimental setup (either the collider is a lepton collider like LEP or future ILC or the
collider is based on hadrons e.g. LHC).

In hadron based colliders like LHC or Tevatron there are three possible methods to produce
the doubly charged Higgs bosons. The respective diagrams can be seen on Figure 3. The
only diagram of these that does not depend on any unknown coupling constant is the pair-
production Drell-Yan diagram. The cross section of this process is easily calculable and only
depends on the mass of the doubly charged Higgs boson. The WW fusion process depends
on the vacuum expectation value of the scalar triplet, which is unknown at this time and can
only be estimated from precision measurements of the p variable and other indirect sources.

In most cases the VEV is assumed to be extremely small, which in turn means that the
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single production through WW fusion cross section is negligible. The third and last diagram
depends on the Yukawa coupling of the ®** boson and the respective leptons. This coupling
is also not known, however the primary process of electron-positron scattering has a very large
cross section, which could compensate for the low coupling. However this particular diagram

has not been calculated yet and hence its effects have not been estimated by the experiments.

7 of q2
f d -
/
/
/
// q)__
/7
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\
\
\
f O T + q1
f 0

FIGURE 3. ®** generation diagrams. From left to right: Drell-Yan pair pro-
duction, Drell-Yan lepton production with radiative ®** emission, WW fu-

sion.

For lepton colliders like LEP and the future ILC experiments there are in addition to the
Drell-Yan diagrams from Figure 3 also a number of diagrams due to the direct coupling of
leptons to the ®** boson. The diagrams have been depicted on Figure 4.

In addition to the above mentioned generation processes, there is also a resonance process
where a fusion of two same charged leptons would produce a ®** boson. In the model another
similar vertex is allowed, namely the fusion of a single charged Higgs boson from the scalar
triplet and a W to form the doubly charged component. However most literature excludes
such a vertex due to kinematic constraints as it is natural to assume that the scalar triplet

mass does not vary by much. For such a vertex to exist the following condition has to be met:
m(®FE) — m(®F) > m(W) ~ 80 GeV.
The vertices of such processes can be seen on Figure 5.

6.2.2. Decays of the ®**. The doubly charged Higgs boson has couplings to charged leptons,
W boson and other components of the scalar triplet. From this we can deduce that depending
on kinematic limits the possible decays of it involve either to two same charge leptons, a pair

of same charge W bosons or a pair of same charge charged Higgs boson and a W. The latter
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FIGURE 4. ®** generation diagrams. First three diagrams depict the same

basic process, the only difference being the point at which an electron radiates

a ®T* boson. The fourth one depicts a pair production in case of lepton

colliders (the cross section is smaller due to two vertices with

the respective coupling squared).

®*E and hence

FIGURE 5. Vertices of same charge lepton fusion and single charged Higgs fusion

two are only possible in case the mass of the ®** boson is at least the sum of the decay

products e.g. for the decay to W-s to happen the mass of the ®** must be at least 160 GeV.

In this thesis we will neglect? the final state with ®*.

The decay widths for the different decays are:

2We assume the masses of ®** and ®* are close enough to kinematically exclude this decay.
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| (Yo )ii*me-+ i =7,

| (Ya)ijPmers i #j,
Tww = D@ - WwEw) (21)
B 2v(2pmq)ii m12/vi <3m12xvi m?bﬁ 1> <1 4m%/[/i ) 1/2 (22)
m}é m?{)ii 4m%vi mfbii
= kol. (23)
The total decay width is
Fiot = Zrij +Tww. (24)
The branching ratios of the ®** can now be expressed as:
++ ey Ly
BR(®™F — ¢; ¢ ) = —, (25)
111;0‘5
r
BR(®** — wEw+) = W (26)
I“cot

The relationship between these two different channels depends strictly on the vacuum ex-
pectation value and mass of the scalar triplet. The currently allowed values of the VEV are
between 1 eV and 1 GeV. The lower bound coming from naturalness of the neutrino masses
and the upper from the tree level p parameter. The whole region of that allowed space can be
divided into three interesting regions. Until around 107> GeV the leptonic decays dominate
absolutely. In the region between 107° GeV and 10~3 GeV there is a smooth transition from
leptonic decays to WW and in case the VEV is higher than 1072 GeV the WW dominates

in the decays. The concrete relationship can be seen on Figure 6.

6.2.3. Current limits on the mass of the ®** from previous and current experiments. The
doubly charged Higgs boson has been searched for in a variety of experiments. Some of the
earliest searches originate from 1989 where a lower limit on the mass was set to around 20 — 22
GeV from the PETRA experiment [52]. The most complete search to date has been performed
by the various LEP experiments. The combined lower limit on mass of the ®** is around

100 GeV. For concrete searches see Table 1.
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FIGURE 6. Running of branching ratios depending on the vacuum expectation
value of the scalar triplet. The blue (solid) lines representing leptonic decays
and the red ones (dashed) the decay to the WW channel. The different com-
binations show relation to the ®** mass (lower mass means higher VEV for

transition)

TABLE 1. Summary of searches for ®** at the LEP experiments.

Experiment Mass limit Final states  Comments

OPAL [53] 98.5 GeV All, no mixing Although all channels have been
searched, the pair of ®*+ has to de-

cay to the same final state.

DELPHI [54] 97.3 GeV TTTT A very impure channel and in almost
every possible neutrino configuration
a very low branching ratio configura-

tion

L3 [55] 95.5 — 100.2 GeV All, no mixing Same search strategy and limitations
as OPAL search

As can be seen there is still room for improvement as only a subspace of the possible final
states has been searched. With all six final states considered in concrete configurations the

worst case configuration is when all branching ratios are exactly 1/6 and such a configuration
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or at least a very close one is allowed by the neutrino parameters. Due to that the actual upper
limit at around 100 GeV could be over-estimated as the cross section times branching ratio
squared, which is used to estimate the mass limits, can be six times higher than estimated and
hence point towards lower mass. This creates a problem as the future experiments might no
longer cover the region of masses below 100 GeV, which could lead to missing the ®** boson
alltogether due to the crowded region of dilepton invariant mass final states in the 80 — 100
GeV region from Z boson contamination.

The latest results on searches for ®** come from the Tevatron experiments. However
unlike the LEP experiments, there is to this date no single search performed, which would
have covered all channels simultaneously. The LEP searches were limited mostly by centre-
of-mass energy as at /s = 209 GeV it is not possible to create pair-produced ®*+ at higher
energies than around 100 — 105 GeV and the single production channels are all dependent
on the unknown Yukawa couplings of the scalar triplet. At Tevatron on the other hand it is
possible to extend this reach towards higher masses, but to do so requires a thorough study
in all available final states. It is acceptable to ignore the WW channel until the mass of 160
GeV as it is kinematically excluded and the lepton channels dominate independent of the
VEV value. A brief summary on what has been searched and to what extent can be seen in

Table 2.

TABLE 2. Summary of searches for ®** at the Tevatron experiments.
Experiment Mass limit Final states = Comments
DO [56] 150 GeV LI Only muons in final state, no other

channel has been searched at DO.

CDF [57] 115—136 GeV ee, ey and pup  Search for a single ®** in the final

state, all limits set assuming branch-

ing to only that final state.

CDF [58] 114 GeV erer, urut  First search in Tevatron with LFV
decays. Complements previous
searches.

Out of all the possible final states the only ones searched for are cases where the pair

produced ®** bosons decay to the same final state (or only one is searched) and only ee, ey,
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er, up and p7 have been searched. No search has been performed in the 77 final state, neither
have there been searches with different final states simultaneously. To give a simple example,
it is possible to find a parameter set according to the currently allowed neutrino parameters
which results in only ee and p7 final states for the ®**. Such a configuration would only
show partially in ee and prp7T which would only make up a fraction of the total production.
However a detailed analysis of possible final state configurations and corrections to the mass
limit estimations is beyound the scope of this thesis and is reserved for the future. What can
be concluded however is that the current estimates on ®** mass above around 110 GeV and
higher should be taken cautiosly and the region below the LEP exclusion should be probed

at every new search to avoid missing the ®++.

6.2.4. Estimates on the branching ratios of ®** from neutrino data. The branching ratios
of the ®** depend on three parameters. The mass of the ®**, the VEV and the Yukawa
coupling matrix. Depending on the mass of the ®** the W W channel might be kinematically
excluded and as can be seen from Figure 6 the mass also moves the point where leptonic and
WW decays swap dominance. The VEV defines the relative strength of the WW channel in
case the mass of ®** permits it kinematically. Below 160 GeV the only allowed decay channels
are into a pair of same charge leptons and hence this is fully governed by the Yukawa coupling
matrix. As there is no indirect way to estimate the VEV beyond the p parameter which
sets an upper limit at around 1 GeV and as there is no upper bound on the mass, then the
only estimation that can be done is for the leptonic channels and their relative distribution
amongst themselves.

The connection between the leptonic final states branching ratios and the neutrino param-
eters can easily be seen from the equations (19), (20) and (25). In our estimations we assume
100% branching to leptons. This is the case below 160 GeV and in case the VEV is very
small. However as the leptonic and weak interactions are fully independent one can consider
the leptonic part as self contained and the relations from neutrino data still hold. If there is
in addition the WW decay channel, then one just has to rescale the leptonic branching ratios
with the total leptonic branching ratio.

As already shown, the leptonic branching ratios are directly related to the neutrino pa-
rameters. In essence, the six leptonic branching ratios are all functions of eight neutrino

parameters:
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BR’L] - fk (m()a Sign(Amatm)a 0137 9237 912) 67 aq, OéQ), (27)

As two of the mixing angles 03 and 612 have been determined with quite good precision,
then this can also be seen in the ®** branchings as varying these two parameters within
their allowed region does only minor changes to the final branching ratios. The third mixing
angle and the Dirac phase § have some contributions in specific scenarios, but are not major
modifiers. There are three major players in determining the branchings are the mass of the
lightest neutrino, the hierarchy and the majorana phases. If we for now leave the third mixing
angle and the CP violation phases aside and study the effects of mass and hierarchy, then

one can clearly see from Figure 7 that at low mass regions the two hierarchies contribute

differently to the branching ratios of ®+=*.
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FIGURE 7. Distribution of the ®** leptonic branching ratios as a function of
the lightest neutrino mass. The left (right) panel corresponds to the normal
(inverted) mass hierarchy. For nearly degenerate masses the two possibilities

imply almost the same result.

In case of the normal hierarchy the final states are almost equal fractions of pu, pur and
77 final states. In case of inverted hierarchy the p and 7 final states have about the same
distribution amongst themselves, however the ee final state dominates at above 50%. So in
case of normal hierarchy we would expect an experimental signature dominated by muons and
taus, in case of inverse hierarchy we should expect a strong ee final state with some muon and
tau final states and in case of a degenerate state of masses we can expect the three diagonal
elements to dominate. In case one introduces also the three CP phases (and the third mixing),

then the branching ratio plots get even more interesting introducting the eu and er channels
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in a wide variety of configurations and in most cases increasing the off-diagonal contributions.

A variety of expected scenarios can be seen on Figures 8 and 9.

[ Branching ratios (8,,=0) | | Branching ratios (8,,=0.22,5=112) |

OO0
CO00C00000000
O000000000OK

FIGURE 8. Distribution of the ®** branching ratios for inverted hierarchy as
a function of A« for 013 = 0 (left panel), and 613 = 0.22, § = 7/2 (right panel).

The asymmetry of the latter plot signals non-vanishing CP-violation.

‘ Branching ratios (m =0.2eV,a,=0) ‘ ‘ Branching ratios (m = 0.2 eV,a, = 0) ‘

FIGURE 9. Distributions of the ®** branching ratios for non-zero Ac. The

left figure presents the case for fixed s = 0, and the right figure for fixed

a1 = 0. Both figures are for inverted hierarcy.

6.3. Searching for ®** in upcoming experiments.

6.3.1. Signal and background processes. The main production method, which has been ana-
lyzed for the LHC is the Drell-Yan pair production which can be seen as the leftmost diagram
on Figure 3. The cross section of that process is independent of the unknown couplings and

is only dependent on the mass of ®**. The final state signature of such a process would be

30



four charged leptons (assuming a vanishing VEV), which is already a good elimination of SM
backgrounds. The decay chains for processes which can give a similar final state are shown
on Figures 10 and 11. The actual generation diagrams are not shown as there is a number of

them and not relevant to this work.
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FicUure 10. Background processes from the Standard Model contributing to
the four lepton final state originating from top quarks. The b quarks are at
times mis-identified as 7-jets. On left the process tt — ¢qg¢™ ¢~ v and on the

right ttZ° — qq20+20~ v

/2° o+ v/2°

b v/Z°
FiGUrE 11. Background processes from the Standard Model contributing to
the four lepton final state from Z bosons. The b quarks are at times mis-
identified as 7-jets. On left the process Z°bb — ¢+¢~bb and on the right
Z070 — 20+ 20~

As a comparison of the signal and background production rates the relevant cross sections®

to four lepton final states are shown in Table 3. The most similar process of ZZ — 4¢ which

contribute to background and which tend to be irreducible is luckily also of small cross section.

3Signal cross sections from [59)].
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TABLE 3. Cross sections and expected number of events at different luminosities

Process cinfb | Nevents @ 10 fb1 | Nevents @ 50 o~ | Novents @ 100 b1
d*F+ @ 100 GeV 1000 10% 5 x 10% 10°
d*F+ @ 200 GeV 94 940 4.7 x 103 9.4 x 103
d*+ @ 300 GeV 19.6 196 980 1960
dFE @ 400 GeV 5.9 59 295 590
d*++ @ 500 GeV 2.2 22 110 220
d*F+ @ 600 GeV 0.9 9 45 90

tt 88.4 x 103 8.8 x 109 4.4 x 109 8.8 x 108
ZOb 26.2 x 103 2.6 x 109 1.3 x 108 2.6 x 108
ttZ° 650 6.5 x 10° 3.3 x 10* 6.5 x 10*
AVA 212 2.1 x 103 1.1 x 10* 2.1 x 10*

As can be seen from the table, the signal production is only comparable to the background
in the mass region of 100 — 200 GeV. Above that the signal production cross section falls
rapidly and the amount of produced events is not comparable to that of the background
events. To still be able to find the signal amongst the background a number of discriminators
have to be found. To this date most of the analysis concentrate on the normal hierarchy of
neutrinos and hence look for mostly muons and taus in the final state. In theory the addition
of electrons would not introduce new backgrounds and should be straightforward. However
such a full analysis is yet to be performed at any hadron machine currently in operation or

planned to.

6.3.2. Discrimination of signal from background. To discriminate between the signal and the
background in case of muon and tau final states one has to understand the kinematics of the
different processes. The main contribution to background from processes tf and Zbb comes
from the misidentification of the b quark jets* as hadronic tau jets. A good discrimination
of b and tau jets can eliminate a very large percentage of these processes as without the b
quark jets the other leptons in these processes don’t add up to a four lepton final state. To
best discriminate tau jets from other quark jets one can use the simpleness of the hadronic

tau decay. The jet produced in a hadronic tau decay is very narrow and has very few charged

1A top quark decays to a b quark and a W boson 99.8% of the times [60].
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tracks (approximately 60% of the times one charged track, 35% of the times three charged
tracks [60]). Also the lifetime of tau can be used as the lifetime of the tau lepton in comparison
to the b quark can be a discriminating factor.

As the doubly charged Higgs boson is quite heavy and the leptons it decays into are light,
then one very distinct signature kinematics-wise is that the leptons coming from a ®** decay
tend to be extremely energetic and boosted towards the transverse plane while the decay
products from the Z and W decays tend to be softer. The discriminating parameter used to
separate based on this is the transverse momentum. The usual cut range is around 30 — 50
GeV with an additional optional cut on a scalar sum of all four leptons, which provides even
better separation for leptons coming from the signal and those coming from electroweak carrier
bosons.

As three of the four background processes include the Z boson, then a veto on the invariant
mass of different charge leptons in the Z mass peak region provide also excellent Z rejection
and even though one of the Z bosons in the ZZ — 4¢ process is likely off-shell the rejection of
the Z boson, which is on-shell provides an excellent rejection for events containing Z bosons.

As a final discriminator between signal and background events one can use the structure of
the generation process and place a requirement on the mass difference between the invariant
masses of the same charge lepton pairs. As two ®** are produced in every event, then their
mass should be the same. As there are some inefficiencies in reconstruction and as the shape
of the mass peak depends on the Yukawa coupling then this cut cannot be too strong, but a
cut within 20% should eliminate majority of the background processes which have survived
the previous requirements as there is no physical relationship behind same charge lepton pairs
in the background events and hence their mass distribution is mostly random.

The studies performed so far have been based on Monte Carlo (MC) mechanisms, where
events are generated with predetermined initial state and after the collision the collision
products decay through their decay chains. The methodology and numerical models used
have been previously verified to be in good agreement with the actual experiments in both
the estimated actual cross section as well as the event kinematics. The MC software mostly
used in current HEP experiments is PYTHIA [61] although a few others have been used for
particular background processes to provide for best accuracy. For a detailed study on the
search criteria and methodologies please refer to the two attached articles. Article I describes

a general purpose Monte Carlo search at the LHC for final states with muons and taus and
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has an average efficiency in the 30 — 40% region for the signal samples and a background
acceptance of less than ~ 0.1% in the signal region. In Article I a specific signature of
muons and taus is studied at the CMS detector with the objective in mind to eliminate the
background 100%. The respective cuts do eliminate the background completely and leave the
signal efficiency in the 3-9% region. However as no background is estimated, then already a

few events passing all the cuts would indicate the presence of a ®*+.

7. MEASURING NEUTRINO PARAMETERS IN HEP COLLIDER EXPERIMENTS

There are various ways to measure the different neutrino parameters. One can measure
the ee channel coupling and the effective mass from neutrinoless double beta decay. One can
measure the mixing angles and mass differences from the oscillation experiments. In addition
there is a way to estimate the upper bound on the neutrino mass from the cosmological models
and a few experiments to measure the Dirac CP phase §. However the coupling matrix in
general and the Majorana phases are something that cannot that easily be measured through
these experiments. If the new scalar triplet that we have introduced indeed generates the
masses for neutrinos, then almost all of the neutrino parameters can be measured from the

results of a HEP experiment upon discovery of the doubly charged Higgs boson.

7.1. Branching ratios as an indirect measurement of neutrino parameters. As al-
ready described previously in the Section 6.2.4, there is a concrete relationship between the
branching ratios of a ®** boson and the neutrino parameters. However we used these rela-
tions to estimate the branching ratios assuming certain settings of the neutrino parameters.
Now in case the boson is actually found in any of the currently running or future experiments,
it is important to know if the same measured branching ratios can be used to give some ad-
ditional information about the neutrino sector that cannot be measured elsewhere or to give
better results than obtained elsewhere.

The branching ratio equations (27) account for six equations. There are however eight
parameters in the neutrino sector: 619,613, 623, 6, a1, ag, sign(Amis), mo. In addition as we do
not know the other possible branching ratios of the ®** to W-s or ®* then we cannot use
the branching ratios directly as the formulas contain the I'yo; variable which contains also the
decay widths of these unknown decays. However by using relations between the branching
ratios we can eliminate the denominator of equation (25) and hence be independent of the

other branching ratios. However doing so reduces us to five equations and eight parameters.
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So to be able to solve this system we need to fix three of the parameters and luckily for us
the mixing angles of the neutrinos have been measured with very good precision and fixing
them to some concrete set should not provide a strong bias. Also, in case the mixing angles
are remeasured with higher precision we only have to insert the new numbers and the final
math remains the same. A good estimate from a number of theories and in good agreement

with the current experimental best fits is the tribimaximal mixing model [62]:
-2 1 -2 ]- -2
sin® 019 = 3 sin“ fo3 = 3 sin” 013 = 0. (28)

Having fixed the mixing angles according to equation (28), we end up with four independent
equations for branching ratios, since BR,, = BR.; and BR,, = BR,;. If a measurement
would show that these branching ratios are not equal, this is a clear indication that the tri-
bi-maximal model has to be modified. As we are using the relations between branching ratios
for the calculations, the number of independent equations is reduced to three. Such equation
system can be solved with respect to three unknown parameters: the lowest neutrino mass
mo and Majorana phases a; and as. We show how the mass of the lowest neutrino mass
eigenstate, neutrino mass hierarchy and the difference of two Majorana phases |A«| can be
uniquely determined from the relation (25). Unique solutions for a;; and g are not determined

by the ®** branching ratios, and two sets of degenerate solutions are found.

7.2. Determination of the neutrino mass hierarchy and the lightest neutrino mass.
Through combining the pup, u7, ee and ey channel branching ratios we can define a character-
istic dimensionless constant:

0 — 2BRuyu + BRyr —BRee —m3? +m3 + 3m}3
"7 BRe+BRy, 2mi+my

(29)

The mass hierarchy can be easily determined by simply measuring the value of C that is
independent of the values of a1 and as. It can be found that C'; uniquely determines the
mass hierarchy as follows:

e (1 > 1 — normal mass hierarchy,
e (] <1 — inverted mass hierarchy,
e (] ~ 1 — degenerate masses.

Once the hierarchy is known we can solve the equation for the lowest neutrino mass by

inserting the respective mass differences Am2, and Am2, . For the concrete results see

equations 15 and 16 in attached Article III.
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7.3. Probing for Majorana phases. Once the neutrino mass hierarchy and lightest neu-
trino mass have been determined they can be then used in turn to solve the remaining equa-
tions systems for the Majorana phases. To do so we start with solving for the difference in
the phases (A«). This is best done using just the ey and ee channels, but can be done using

other channels too:

BRe,  2(m? +m3 — 2myms cos Aa)
CQ = = 2 B} . (30)
BRee 4ms + ms + 4mima cos A

This equation can now be solved for the difference in phases depending on the hierarchy.
The concrete formulas can be again seen in equations 18 and 19 in Article III. The only thing
we would like to draw attention to is that if one looks at the simplified form of the solution
for inverted hierarchy® one can see that the equation for Aa is independent of the lightest
neutrino mass and can hence also be used for the degenerate state. In case of normal hierarchy
we need to also use the lightest neutrino mass to determine the difference in the phases.

As the cosine is an even function, then the solution will be unique but with an uncertainty
on the sign. This means that once we start to solve the equations for the Majorana phases
separately we have to make an assumption which of them is larger and as this leads to different
solutions, then we will have two separate undistinguishable results of which one is correct.

A few special scenarios exist that can be probed separately and allow precise determination

of the parameters. A few of them are listed here:

e Normal mass hierarchy with lowest neutrino mass exactly zero. In this case the branch-
ing ratios are independent of the Majorana phase a1 and ag can be determined pre-
cisely.

e Inverted hierarchy with lowest neutrino mass exactly zero. In this case the branching
ratios are independent of absolute values of the phases and we can determine the
difference (Ac«) only.

e In case of nearly degenerate masses we have m; = mo =~ ms = m and the branching

ratios become independent of the mass m.

The effect of non-zero Majorana phase in case of normal hierarchy and very low mass of
the lightest neutrino can be seen on the left hand side of Figure 12. As can be seen the effects

are really small. The p7 channel is enhanced, but in general the effects are minor. In case of

SEquation (20) in Article IIL.
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the inverse hierarchy however the the effects are much more dominant as seen on Figures 8

and 9.
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FIGURE 12. Distributions of the branching ratios as a function of as. The
left panel corresponds to #1353 = 0 with the ee, ey and er channels giving
nearly negligible contributions. When 6,3 is non-zero (the right panel), small
branching ratios to eu and er channels can be measured. Non-zero J in the
right panel causes the slight asymmetry with respect to as = 7. Both diagrams

represent the normal hierarchy.

7.4. Probing the mixing angle 03 and CP violation. As stated above the simplification
that we have done to come to the above mentioned conclusions has been the adaptation of
the tribimaximal mixing model. However that model explicitly states that the mixing angle
013 is zero which effectively neutralizes the Dirac CP phase. In case however that the actual
physical world has a non-zero mixing angle 613 and the effects of the CP phase indeed have
direct effects on the ®** decays, then we should also study the impact of this. As stated one

of the obvious results of the tribimaximal mixing was that

BR., = BRer, (31)

BR,, = BR,.. (32)

If there is mixing between first and third mass state, then these relations no longer hold.
This is our possibility to test our assumptions based on the experimental results. However

it must be noted that to be able to determine that these relations do not hold a substantial

amount of statistics is necessary as the branching to ey and er channels should be orders of
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magnitude smaller than to the other channels. If however such a discrepancy is found, then
the results we have obtained until now have to be reviewed. It can be however noted that even
when we can no longer assume that the full tribimaximal mixing holds, the methodology to
achieve the results remains the same. The introduction of 613 and ¢ would provide only small
corrections to the already found solutions due to their smallness, but the general structure
would still hold. As an example for the lowest neutrino mass we can still find the solution as
before, the formula for the dimensionless constant C changes slightly and requires measure-
ments of more branching ratios than before. The modified formula as listed in equation 27 in
Article IIT is:

, _ 2BRuu + 2BRyr + 2BRyr — 2BRee  —mi + mj + 3m3

G = = O(sin? 013). 33
! 2BR.. + BRe,, + BR., 2m? 4 m + O(sin® 613).  (33)

Similarily the determination of the other results has similar formulas with slight corrections
and the formulas usually become slightly more complex involving more branching ratios.
Considering the pureness of the LHC machine we can assume that the best case scenario will

be using the simple formulas to determine the first estimates on the neutrino parameters.

7.5. Possibilities on measuring the vacuum expectation value of the scalar triplet.
So far we have been working with the leptonic channels. To understand the scalar triplet
better we would also need to measure the vacuum expectation value of it.

Let us first assume that v is large enough to imply, according to eq. (23), observable
fraction of the decays ®** — WHW*, and the collider experiments are sensitive enough to
measure not just the branching fractions but also the partial widths of the bosons in the scalar
triplet, namely I';; and I'yyy. The latter may not be possible at LHC but could be possible
at ILC experiments [63]. In such a case one gets from eq. (20) and eq. (23),

BRy  I'y Ty _ TuBRww _ [TtotBRww
= = 5 = Vo = = s (34)
BRyw Tww kv kBRy, k

and the determination of vg from collider experiments is possible.

If the collider experiments are not able to measure the partial widths, one needs additional

information on the neutrino mass matrix.

7.5.1. Combined data from OvB0 and collider experiments. Assuming that the branching ratio

to WW channel is measured at any accelerator experiment and |(my )ee| is probed from Ov33
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experiment one gets

BRee _ Tee 1 |(my)eef’moss (35)
BRww Tww 327 kvg '
Now vg can be directly found as
1
B |(m)ee|*map++ BRyw \ *
v = ( 327kBRec (36)

7.5.2. Direct measurement of couplings and WEW= channel in a lepton collider. Finally, if
vg is too small to imply observable ®*+ — W decay rates at colliders, one has to rely
entirely on leptonic data. If one of the leptonic Yukawa couplings is directly measured in
the accelerator experiments and |(my)ee| is probed from the Ov33 experiments, one is able
to derive the VEV from data. As the simplest example, when I'.. is measured, perhaps from

the resonance at e~ e~ collider [64], the VEV can be directly found from

I, = lmeelmoss \/ [y Jee Pmazs. (37)

327rv¢ 327 ee

As shown, direct measurement of the VEV is possible. However it does require additional
information which cannot be obtained from the LHC alone. Should the Ov3( yield positive
results or some of the scalar triplet Yukawa coupling be measured at ILC, we can also give

estimates on the magnitude of the VEV of the scalar triplet.
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8. CONCLUSION

As has been shown, the scalar triplet model is a very simple and promising extension to
the Standard Model. It provides the full explanation of the neutrino masses that have been
observed and provides also a very pure and simple experimental signature that shows promise
in detecting it already in the upcoming LHC or possible future ILC experiments. We have
shown the possible signatures that can occur based on the currently allowed parameter space
of the neutrino sector and have also shown the possible ways to search for the doubly charged
component of the scalar triplet.

Once found the actual statistics of the T+

can be used to predict the currently undeter-
mined parameters in the neutrino sector. The simplest of which are the determination of the
mass hierarchy, the mass of the lightest neutrino and if good enough precision is available,
then also the Majorana phases and possibly with very good precision also estimates on the
validity of the tribimaximal mixing model through estimations on the 6,3 mixing angle. In
addition if the decay width of the leptonic channels and the WW final state can be measured
or in addition using the neutrinoless double beta decay results we can also estimate the last
unknown parameter of the model the vacuum expectation value of the scalar triplet.

®*FE at future colliders in Section 6.3 as well as

The search algorithms for searching the
the analysis of the branching ratios covered in Section 7 which allow us to measure almost
all of the unknown parameters of the neutrino sector and which are further elaborated in the

attached three articles are the original work of the author.
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Abstract

We have investigated the possibility of direct tests of little Higgs models incorporating triplet Higgs
neutrino mass mechanism at LHC experiments. We have performed Monte Carlo studies of Drell-Yan pair
production of doubly charged Higgs boson @1 followed by its leptonic decays whose branching ratios
are fixed from the neutrino oscillation data. We propose appropriate selection rules for the four-lepton
signal, including reconstructed taus, which are optimized for the discovery of @1 with the lowest LHC
luminosity. As the Standard Model background can be effectively eliminated, an important aspect of our
study is the correct statistical treatment of the LHC discovery potential. Adding detection efficiencies and
measurement errors to the Monte Carlo analyses, ® 71 can be discovered up to the mass 250 GeV in the
first year of LHC, and 700 GeV mass is reachable for the integrated luminosity L = 30 oL
© 2007 Elsevier B.V. All rights reserved.

1. Introduction

The main motivation of the Large Hadron Collider (LHC) experiment is to reveal the secrets
of electroweak symmetry breaking. If the light Standard Model (SM) Higgs boson H will be
discovered, the question arises what stabilizes its mass against the Planck scale quadratically di-
vergent radiative corrections. The canonical answer to this question is supersymmetry, predicting
a very rich phenomenology of sparticles in the future collider experiments.

Alternatively, the light SM Higgs boson may signal some strong dynamics at high scale
A ~4xf, where f is the decay constant of the new strongly interacting theory [1]. The most
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interesting class of models in such a scheme are the little Higgs models [2—4]. In those mod-
els the SM Higgs boson is a pseudo Goldstone mode of a broken global symmetry and remains
much lighter than the other modes of the model, thus solving the little hierarchy problem and
postponing the solution to the fundamental hierarchy problem to the scale A. Those models are
also very interesting from collider physics point of view since they predict the existence of new
particles, such as a new set of heavy gauge bosons Wy, Zy, a vectorlike heavy quark pair 7', T
with charge 2/3, and triplet Higgs bosons @. If the new particle masses are O(1) TeV, direct
tests of the models are possible at LHC [5-7].

An important open issue to address in the context of little Higgs models is the origin of non-
zero neutrino masses [8—12]. The neutrino mass mechanism which naturally occurs in those
models is the triplet Higgs mechanism [13,14] (sometimes called type Il seesaw) which employs
a scalar with the SU(2) 1 x U (1)y quantum numbers @ ~ (3, 2). The existence of such a multiplet
in some versions of the little Higgs models is a direct consequence of global symmetry breaking
which makes the SM Higgs light. For example, in the minimal littlest Higgs model [15], the
triplet Higgs with non-zero hypercharge arises from the breaking of global SU(5) down to SO(5)
symmetry as one of the Goldstone bosons. Its mass M¢ ~ g5 f, where g; < 4w is a model
dependent coupling constant in the weak coupling regime [1], is therefore predicted to be below
the cut-off scale A, and could be within the mass reach of LHC. Although the triplet mass scale
is O(1) TeV, the observed neutrino masses can be obtained naturally. Firstly, non-observation of
rare decays u — eee, u — ey, T — £LL, where £ = e, u, implies that the triplet Higgs boson
Yukawa couplings ¥;; must be small, thus suppressing also the neutrino masses. Secondly, the
vaccuum expectation value (vev) of the neutral component of triplet v contributes at tree level
to the SM oblique corrections, and is therefore severely constrained by precision data. There exist
additional mechanisms which can explain the smallness of ve in little Higgs models. Since the
smallness of vg is the most natural explanation of the smallness of neutrino masses in the little
Higgs models, we assume this to be the case in this work.

The aim of this paper is to study the possibility of direct tests of little Higgs models and
neutrino mass mechanisms at LHC experiments via pair productions and subsequent decays of
triplet Higgs boson. We study the Drell-Yan pair production of doubly charged component of
the triplet [16-21]

pp— & (1)

followed by the leptonic decays. Notice that (i) the production cross section does not depend
on any unknown model parameter but the mass of @*7; (ii) smallness of v in this scenario,
following from the smallness of neutrino masses, implies that the decays @ — WTW™ are
negligible, and we neglect this channel in the following analyses; (iii) the @ leptonic decay
branching fractions do not depend on the size of the Yukawa couplings but only on their ratios
which are known from neutrino oscillation experiments. In the triplet model the normally hierar-
chical light neutrino masses predict BR(®*+ — utu™)~BR(®*Tt — rt1tt) ~ BR(@TT —
uttt) ~ 1/3. Therefore this scenario is predictive and testable at LHC experiments.

The production process (1) has been studied before in various theory papers. In this work we
first carry out a pure Monte Carlo study of the signal and background processes in the environ-
ment of LHC detectors. After that we improve our analyses by adding particle reconstruction
efficiencies and Gaussian distortion functions for particle momentas and E ?i“. Those mimic the
detector inefficiency effects at the Monte Carlo level. We believe that those effects help us to
estimate the realistic mass reach of the LHC detectors to the process under study.



200 A. Hektor et al. / Nuclear Physics B 787 (2007) 198-210

In our study the new results are the following. For the signal reconstruction we use new
criteria, such as equality of invariant masses of positively and negatively charged leptons together
with total X' p7 cut for all leptons, which allows us to achieve better reconstructions efficiencies
compared to the standard cuts. We also reconstruct tau lepton final states with more than one ,
which has not done before in this context. As all the SM background can be eliminated in the
case of this process, correct statistical analyses of the results in the limit of no background is an
important aspect of our study. For the discovery criteria we have used the Log-Likelihood Ratio
(LLR) statistical method to demand 50 discovery potential to be bigger than 95% (1 — CL;4p >
0.95). Our results are optimized for the discovery of process (1) with the lowest possible LHC
luminosity. The pure Monte Carlo study shows that @+ up to the mass 300 GeV is reachable
in the first year of LHC (L =1 fb~!) and @** up to the mass 800 GeV is reachable for the
luminosity L = 30 fb~!. Including the Gaussian measurement errors in the Monte Carlo the
corresponding mass reaches become 250 GeV and 700 GeV, respectively. The errors of our
estimates of the required luminosity for discovery depend strongly on the size of statistical Monte
Carlo sample of the background processes.

The paper is organized as follows. In Section 2 we present the collider phenomenology of
triplet Higgs boson and relate collider observables to neutrino mass measurements. In Section 3
we discuss the Monte Carlo produced signal and background processes. In Section 4 we present
the details of reconstruction and analysis procedure and results. Detector effects are discussed in
Section 5. Finally we conclude in Section 6.

2. Neutrino masses and collider phenomenology

In this work we consider little Higgs scenarios in which, due to the breaking of global sym-
metry protecting the SM Higgs boson mass, the spectrum of the model contains also a pseudo
Goldstone boson with the SU(2); x U(1)y quantum numbers @ ~ (3,2) [15,22]. Although &
is predicted to be heavier than the SM Higgs boson, the little Higgs philosophy implies that its
mass could be O(1) TeV [1]. Due to the specific quantum numbers the triplet Higgs boson cou-
ples only to the left-chiral lepton doublets L; ~ (2, —1), i =e, u, T, via the Yukawa interactions
given by

L=iL{nY"(r-®)L; +he., (2)

where Y;; are the Majorana Yukawa couplings. The interactions (2) induce lepton flavour vio-
lating decays of charged leptons which have not been observed. The most stringent constraint
on the Yukawa couplings comes from the upper limit on the tree-level decay u — eee and
is! Y., Yeu <3 X 1073 (M/TeV)2 [18,23]. Experimental bounds on the tau Yukawa couplings
are much less stringent. In our collider studies we take Y;; = 0.01 and rescale other Yukawa
couplings accordingly. In particular, hierarchical light neutrino masses imply Y., Yo, < Yt
consistently with the direct experimental bounds.

According to Eq. (2), the neutral component of the triplet Higgs boson @° couples to the left-
handed neutrinos with the same strength as @+ couples to the charged leptons. If @ acquires a
vev v, non-zero Majorana masses are generated for the left-handed neutrinos [13,14]. Non-zero
neutrino masses and mixing is presently the only experimentally verified signal of new physics

! In little Higgs models with T-parity there exist additional sources of flavour violation from the mirror fermion sector
[24,25].
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beyond the SM. In the triplet neutrino mass mechanism the neutrino masses are given by

(my)ij =Yijve. (3)

We assume that the smallness of neutrino masses is explained by the smallness of v . In a realis-
tic scenario massless Majoron, the Goldstone boson of broken lepton number, must be avoided.
This is achieved by an explicit coupling of @ to the SM Higgs doublet H via u®@*HOHO [14],
where p has a dimension of mass. If u ~ Mg, in the concept of seesaw [26] the smallness of
neutrino masses is attributed to the very high scale of triplet mass Mg because ve = uv?/M3,
where v = 174 GeV. However, in the little Higgs models the triplet mass scale O(1) TeV alone
cannot suppress vg. Therefore in this model u << Mg, which can be achieved, for example, via
shining of explicit lepton number violation from extra dimensions as shown in Refs. [27,28], or
if the triplet is related to the Dark Energy of the Universe [29,30]. Models with additional (ap-
proximate) 7" -parity [22] make the smallness of ve technically natural. However, if the T -parity
is exact, vgp must vanish. In this work we do not consider the naturalness criteria and assume that
the above described neutrino mass scenario is realized in nature. In that case Yvg ~ O(0.1) eV
while the Yukawa couplings Y can be on the order of charged lepton Yukawa couplings of the
SM. As a result, the branching ratio of the decay ® — WW is negligible. We also remind that
vg contributes to the SM oblique corrections, and the precision data fit T <2 x 107 [31] sets
an upper bound vy < 1.2 GeV on that parameter.

Notice the particularly simple connection between the flavour structure of light neutrinos and
the Yukawa couplings of the triplet via Eq. (3). Therefore, independently of the overall size of the
Yukawa couplings, one can predict the leptonic branching ratios of the triplet from neutrino os-
cillations. For the normally hierarchical light neutrino masses neutrino data implies negligible @
branching fractions to electrons and BR(® ™" — utu®t) ~BR(®*+ — tttT) ~BR(@TT —
wttt) ~ 1/3. Those are the final state signatures predicted by the triplet neutrino mass mecha-
nism for collider experiments.

At LHC @11 can be produced singly and in pairs. The cross section of the single @+
production via the WW fusion process [18] gg — ¢q'q’@ T scales as ~ vé. In the context of
the littlest Higgs model this process, followed by the decays @+ — WT W™, was studied in
Refs. [5,7,32]. The detailed ATLAS simulation of this channel shows [32] that in order to observe
an 1 TeV @1, one must have vy > 29 GeV. This is in conflict with the precision physics
bound vp < 1.2 GeV as well as with the neutrino data. Therefore the WW fusion channel is not
experimentally promising for the discovery of doubly charged Higgs.

On the other hand, the Drell-Yan pair production process pp — ® 7@~ is not suppressed
by any small coupling and its cross section is known up to next to leading order [19] (possible ad-
ditional contributions from new physics such as Z g are strongly suppressed and we neglect those
effects here). Followed by the lepton number violating decays @** — ¢%¢*  this process allows
to reconstruct @+ invariant mass from the same charged leptons rendering the SM background
to be very small in the signal region. If one also assumes, as we do in this work, that neutrino
masses come from the triplet Higgs interactions, one fixes the @** leptonic branching ratios.
This allows to test the triplet neutrino mass model at LHC.

3. Monte Carlo simulation of the signal and backgrounds
The production of the doubly-charged Higgs is implemented in the PYTHIA Monte Carlo

generator [33]. The final and initial state interactions and hadronization have been taken into
account. We have used the CTEQSL parton distribution functions.
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Table 1

Cross-sections, numbers of Monte Carlo generated events and the corresponding integrated luminosities of the gener-
ated events. For the signal events we have taken the branching ratios BR(qDjEjE — uiui) = BR(dDjdE — Mi‘[i) =
BR(@F* - 1F¢E) =1/3

Process Total o N of events Corresponding
(fb) generated luminosity (fo~!)

Signal

Mg =200 GeV 7.78E+01 1.00E+05 1.28E+03

Mg =500 GeV 1.99E4-00 1.00E+05 5.03E+04

Mg = 1000 GeV 5.58E-02 1.00E+05 1.79E+06

Background

pp — 1t — 4¢ 8.84E+04 2.55E+07 2.88E+02

pp—>ttZ 6.50E+02 1.50E+05 2.3E402

pp—>ZZ 2.12E+02 1.00E+05 4.72E+4-02

In the following analysis the normal hierarchy of neutrino masses and a very small value of
the lowest neutrino mass is assumed. Such a model predicts that Higgs decay into electrons can
be neglected and that there are three dominant decay channels for @ T+ with approximately equal
branching ratios:

o (pj:j:_>MiMj:,
. q§j:j:_)'uj:.rj:’
o OFE  rELE

We have studied only pair production of doubly charged Higgs due to the reasons pointed out
above. @** pair decay products can combine to five different T and s« combinations: 4, 317,
2u2t, 1437t and 47. Before reaching the detector, T decays into an e, i or a hadronic jet (marked
as j below) with branching ratios of 0.18, 0.17 and 0.65, respectively [34]. t hadronic jets and p’s
are well visible and reconstructible in detector. The reconstruction of an energetic T from electron
decay is sensitive to detector effects, involving sophisticated background processes [35]. In the
current analyses we will neglect this channel, which will cause 31% loss of the total signal. Such
loss is still sufficiently low and can be considered acceptable. Table 1 gives the cross sections
and the Monte Carlo generated event numbers in our study.

The signatures of @ decay are very clean due to (i) high transfer momentum of the decay
products, (ii) lepton number violation and (iii) pair production of @. The Standard Model parti-
cles are lighter than @, so the background p’s and 7’s must have smaller transverse energy and
they do not produce an invariant mass peak in u*ut, uTt™, Tt ™, final states. The present
lower bound for the invariant mass of @ is set by Tevatron to Mg > 136 GeV [36,37]. In our
study, four-lepton background processes with reasonable cross sections and high pr leptons arise
from three Standard Model processes

° pp—)tt_,
o pp—>1ttZ,
e pp—> ZZ.

PYTHIA was used to generate 7 and ZZ background (¢7 is forced to decay to W Whb and
W leptonically). The CTEQSL parton distribution functions were used. CompHEP was used to
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generate the Zt¢ background via its PYTHIA interface [38,39]. All the datasets were generated
in Baltic Grid. In addition to background processes shown in Table 1, some other four-lepton
background processes exist involving b-quarks in the final state (for example, pp — bb). As
such processes are very soft, it is possible to use the effective tagging methods [40] and totally
eliminate this soft background [41]. Also, we do not consider possible background processes
from the physics beyond the Standard Model.

4. Reconstruction and analysis of the Monte Carlo data

To study the feasibility of detecting the signal over background, we have to work with five
possible reconstruction channels according to the following final states.

e ®t1t®~~ — 4u: The cleanest and most simple channel.

e ®TT®~~ — 3,17: The channel is easily reconstructable using an assumption that the neu-
trino originating from the t decay is collinear with 7-jet and gives majority to the missing
transverse energy (E %ﬂss).

e ®TT @~ — 2127: The signature can be reconstructed using the same assumptions for both
T-neutrinos. The whole E rTniSS vector has to be used here, while in the previous channel only
one component was needed.

e ®1t1t®~~ — 1u37: The channel can be reconstructed theoretically relying on an additional
requirement that the two Higgs bosons have equal invariant masses. However, the recon-
struction is very sensitive to the experimental accuracy of E ?iss determination.

e ®TT@~~ — 471: The channel cannot be reconstructed (and triggered by the single muon

trigger).

First, we apply general detector related cut-offs for the Monte Carlo generated data. Gener-
ated particles were reconstructed within the pseudorapidity region |n| < 2.4 and with transverse
momentum higher than 5 GeV. These are the natural restrictions of the CMS and ATLAS detec-
tors at the LHC. Only the pseudorapidity region |n| < 2.4 is reachable for the detector and only
the events with pr > 5 GeV are typically triggered. These restrictions suppress mainly the soft
Standard Model background. The efficiency of lepton reconstruction and charge identification
rate are very high, we use the values 0.9 and 0.95, respectively [42].

The invariant mass of two like-sign p’s and/or t’s are calculated using equation:

(mi%)? = (v + p3)". @)

where pp 2 is the p or T 4-momentum. Since the like-sign signal of p’s or 7’s originate from
a doubly charged Higgs boson, the invariant mass peak measures the mass of doubly charged
Higgs, m; = Mg. 4-u final state allows to obtain invariant masses directly from Eq. (4). In
channels involving one or several 7’s, which are registered as t-jets or secondary p’s (marked as
u’ below), the momenta of jets has to be corrected according to the equation system:

pL = kipl,. (5)
PTmiss = Z piTv s (6)
i

Mp++ =Mp——, (7)
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Table 2

Probabilities of all possible decay chains for @ pairs in our scenario. “x” in the table marks t or, after T decay, 7-jet.
The reconstructed signatures are marked in bold, the remaining signatures were not reconstructed. After omitting the
channels that include t — e decay, 69% of the total signal is left. In total 64% of the signal has been reconstructed

Decay channel After Higgs After T decay (x = jet;)
decay (x =7) 0(t—u) laop) 20—=u) 3@op) 4@—u)
20 — 4u 0.1111 0.1111 0.0377 0.0107 0.0012 0.0001
20 — 3ulx 0.2222 0.1443 0.0736 0.0125 0.0014
20 — 2u2x 0.3333 0.1407 0.0478 0.0054
2¢ — 1u3x 0.2222 0.0610 0.0207
20 — 4x 0.1111 0.0198
Sum 1.0 0.64 +0.05

where i counts 7’s, p marks 3-momentum, pr, is the vector of transverse momentum of the
produced neutrinos, prmiss 1S the vector of missing transverse momentum (measured by the de-
tector) and k; > 1 are positive constants. Eq. (5) describes the standard approximation that the
decay products of a heavily boosted t are collinear [42]. Eq. (6) assumes missing transverse
energy only to be comprised of neutrinos from t decays. In general, it is not a high-handed
simplification, because the other neutrinos in the event are much less energetic and the detector
error of E %ﬁss is order of magnitude smaller [43]. Using the first two formulas, it is possible to
reconstruct up to two 7’s per event. Additional requirement of Eq. (7) allows to reconstruct the
third T per pair event, although very low measurement errors are needed.

A significant fraction of 7’s (0.18) decay into p"’s that cannot be distinguished from primary
w’s in the detector. Still, if reconstructed invariant masses of @ % and @~ are considerably
different, we can suspect that one or several w’s originate form t decays. In such case we can
again use Eqgs. (5)—(7) to correct the 4-momenta of decay products. When only one secondary
muon is present, E ?i“ points into the same direction as its p7. Otherwise E ?i“ is a superposition
of neutrino transverse momenta. Such correction tightens the invariant mass peak of the signal
and does not produce any artificial background.

The occurrence probability of different reconstruction channels are presented in Table 2. The
second column shows probabilities of Higgs decay to N ©’s and M t’s. Next columns describe
the final state after T decay to u’’s and/or jets. Different columns mark the number of secondary
w’s and the rows designate t-jets in the detector recordings. The events having at least one
T — e in a final state are omitted in our analysis, as well as events with M > 3 or N(u') > 2.
The proportions of reconstructible signatures are marked in a bold-face. The table shows that 0—3
jet channels together with p correction are almost equally important and overall reconstructible
channels comprise 64% of total events.

A clear signal extraction from the Standard Model background can be achieved using a set of
selection rules imposed on a reconstructed event in the following order.

e S1: events with at least 2 positive and 2 negative muons or jets which have |n| < 2.4 and
pr > 5 GeV are selected.

e S2: Y pr (scalar) sum of 2 most energetic positive and negative ©’s or 7-jets has to be
bigger than a certain value (depending on Higgs mass).

e S3: Z-tagging—if invariant mass of the pair of opposite charged p’s or T-jets is nearly equal
to Z mass (85-95 GeV), then the particles are eliminated from the analysis.
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e S4: as @’s are produced in pairs, the reconstructed invariant masses (in one event) have to
be equal. We have used the condition

08 <mft/m;~ <1.2. (8)

If the invariant masses satisfy the condition then we include them to the histogram, other-
wise we suspect that some ©’s may originate from t decay, and make an attempt to find
corrections to their momenta according to the method described above.

The rule S1 is an elementary detector trigger. S2, performing scalar sum of pr, is an un-
traditional cut. The advantage compared to the widely used pr cut for a single particle is
clearly visible from Fig. 1. The left panel shows that the maximum of Higgs line reaches
clearly out of the background while on the right panel the maximum is deeply inside the back-
ground.

Z-tagging in S3 suppresses pp — ZZ and pp — ttZ background. S4 is based on the equality
of the invariant masses of like-signed w’s or t’s. Fig. 2 gives a clear picture of the behavior of
signal and background for the S4 selection rule. Naturally, some freedom is needed due to the &
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Fig. 1. The left panel shows the distribution of events according to scalar sum of 2 most energetic (highest p7) posi-
tively and 2 most energetic negatively charged muons or jets (3 pr). The right panel shows the distribution of events
considering traditional p7 cut for single particles. Both figures correspond to luminosity L = 30 b1,
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Fig. 2. Distribution of events according to the ratio of reconstructed invariant masses (7 g++ /mg——) (no other cuts are
applied). The figure corresponds to luminosity L = 30 b1
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Table 3

Optimal ) pr cut for different Higgs masses and the corresponding minimal discovery luminosities: the lower (L in)
corresponds to the generated background in our analyses and the higher (Lmax) corresponds to 95% upper limit of the
background error

Mass of ® (GeV) 200 300 400 500 600 700 800 900 1000
Optimal 3" py for S2 (GeV) 300 400 600 700 860 860 860 860 860
MC Lpyin (f6~1) 0.25 0.93 2.0 3.6 8 17 34 62 120
MC Lpax (fb=1) 0.26 1.03 3.1 70 17 38 77 160 320

decay width and experimental errors of the detector. We require that the ratio m;'“L /m; hasto
be in the region from 0.8 to 1.2.

While the selection rules S1, S3 and S4 are independent of the Higgs mass, the selection rule
S2 (3_ pr cut) has to be optimized for a certain Higgs mass value. The cut may be set to a very
high value which eliminates all background events, but inevitable loss in signal may postpone
the discovery of new physics at LHC. Thus it is natural to take the minimal discovery luminosity
(Lmin) as the optimization criteria. Looking for a cut value that enables to make a discovery with
the lowest luminosity, we are dealing with small signal and background expectations by defin-
ition. Simple significance estimators cannot be exploited here. We have used the log-likelihood
ratio (LLR) statistical method [44,45] to demand 5o discovery potential to be bigger than 95%
(1 — CLg4p > 0.95) as for a discovery criteria. This is a rather strong requirement, because it
allows to make a discovery (meaning the fluctuation of background may mimic the outcome of
an experiment with probability less than 2.9 x 10~7 (50)) during the specified luminosity with a
probability of 95% (if s 4 b hypothesis is correct). The widely used convention, that significance
should exceed five, gives only 50% discovery potential in Gaussian limit and diminishes to very
small values when background approaches zero.

The best value for S2 cut does depend on Mg but is not too sensitive to it. Typically the ) pr
can be assigned a value with a precision of 100 GeV while affecting the minimum luminosity
by only a couple of percent. In the Table 3 the approximated middle point of this value is given.
As the best S2 cut is very strong, it suppresses almost entirely the generated background (being
combined with the other selection rules). For Higgs masses above 500 GeV the background is
totally suppressed and the discovery potential criteria meets the requirement for 3 signal events
(6 invariant masses). Nevertheless we cannot infer that the background is really zero in nature. To
estimate the statistical error due to final number of generated background events we have found
95% upper limit of background according to Poisson statistics (Table 4, in brackets). Using this
limit in LLR analysis we get much higher luminosities for discovery. Even a very small back-
ground expectancy (b = 0.01) gives some possibility to have one (9.9 x 1073) or two (4.9 x 1072)
background events in the experiment and these outcomes cannot be interpreted as discovery any-
more. This phenomenon shifts the minimal required luminosity to much higher values denoted
as Lyax in Table 3.

An example of invariant mass distribution after applying selection rules are shown in Fig. 3
for My = 500 GeV. A tabulated example is given for Mgy = 200, 500, 800 GeV in Table 4
corresponding to the luminosity L = 30 fb~!. The strength of S2 cut is clearly visible: al-
most no decrease in signal while the number of the background events descends close to final
minimum value. A peculiar behavior of S4—reducing the background, while also increas-
ing the signal in its peak—is the effect of applying the t — u’ correction method described
above.
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Fig. 3. Distribution of invariant masses after applying selection rules (S1-S4) for Higgs Mg = 500 GeV and the Standard
Model background (L =30 fb™ 1). The histogram in the right panel is a zoom of the left histogram to illustrate the effects
of the selection rules S2—S4.

Table 4

Effectiveness of the selection rules for the background and signal. All event numbers in the table are normalized for
L =30 fb~!. The numbers in brackets mark errors at 95% confidence level for Poisson statistics. The signal increases
after S4 due to the reconstructed T — u’ decays

Process N of invariant masses

N of @ S1 S2 S3 S4
Energy range 150-250 GeV
Mg =200 GeV 4670 1534 1488 1465 1539
tt— 44 - 1222 (168) 172 (8.5) 134 (6.9) 17.6 (3.7)
ttZ - 21.3 (4.0) 15.5(1.0) 6.3(1.2) 22 (1.1)
ZZ - 95.0 (12.0) 22.5(0.7) 9.8 (0.5) 1.7 (0.2)
Energy range 375-625 GeV
Mg =500 GeV 119.2 48.4 47.5 46.8 49.5
tr— 4¢ - 178 (28) 2.1(0.9) 1.65 (0.87) 0.10 (0.35)
1tZ - 6.6 (1.7) 2.3(1.0) 1.0 (1.0) 0.00 (0.1)
zZZ - 9.4 (2.9) 1.4 (0.2) 0.68 (0.19) 0.08 (0.09)
Energy range 600-1000 GeV
Mg =800 GeV 11.67 5.05 5.00 4.92 5.21
tr— 40 - 77 (12) 0.00 (0.22) 0.00 (0.22) 0.00 (0.07)
ttZ - 2.6 (1.2) 0.39 (0.4) 0.39 (0.4) 0.00 (0.1)
ZZ - 2.5(0.8) 0.34 (0.16) 0.17 (0.09) 0.00 (0.02)

5. Including measurement errors to Monte Carlo

In this section we make an attempt to estimate simplified detector effects at the level of Monte
Carlo analyses. In order to do that we have added overall detection efficiencies for the Monte
Carlo generated ©’s and t-jets—0.98 and 0.6, respectively. Additionally, we applied Gaussian
distortion functions to Monte Carlo produced data for u’s, t-jets and £ ?iss which were used to
alter randomly those quantities in the analysis. Although the precision of p detection is sensitive
to pr of w and |n| we use the mean values for a rough estimation. We make the following
assumptions based on [41-43].
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Table 5

Optimal )_ p7 cuts and minimal discovery luminosities for different Higgs masses when the estimates of detector
measurement errors are taken into account. Two boundaries for the minimal luminosity are given: the lower (L)
corresponds to the generated background and the higher (Lmax) corresponds to 95% upper limit of the background error

Mass of @ (GeV) 200 300 400 500 600 700 800 900 1000
Optimal Y pr for S2 (GeV) 300 400 600 700 860 860 860 860 860
Det Eff Ly (fb_l) 0.526 1.20 3.0 6.6 15 30 60 111 200
Det Eff Lmax (fb_l) 0.546 2.19 6.5 16.6 39 86 190 420 900
Table 6

The importance of reconstruction channels at Monte Carlo level and considering detector efficiency effects

Percentage of the channel after reconstruction

Decay channel 4u 3ulj 2u2j 1u3j T —  correction
Monte Carlo 21 28 26 9 16
MC + efficiencies 38 25 12 1 24

The direction of muon (t-jet) is altered with the Gaussian distribution: mean p = 0.0005
(0.031) and variance o2 = 0.003 (0.017). The transverse momentum is altered according to
the p7 rec/ PT Monte Carlo Gaussian distribution: mean p = 1. (0.897) and variance o2 =0.03
(0.089). Both components of missing transverse energy are altered independently according to
the Gaussian distribution (mean p = 0 GeV and variance o> = 25 GeV) by adding the piece to
its Monte Carlo value.

The result of such a distortion is a decrease in both signal and background approximately by
factor two (Table 5). As the background and the signal decrease proportionally, the luminosity
needed for discovery roughly doubles. Remarkably the optimized S2 cut value does not change
significantly. The proportion of the reconstruction channels in the total analysis has changed
remarkably as shown in Table 6. The reason is clearly the small detection efficiency of t-jets.
The 143 j channel comprises only 1% of the total signal if the detector effects are considered,
while in the pure Monte Carlo analysis it forms 9%. The additional possible detector effects
make the T — u correction even more relevant.

6. Conclusions and outlook

We have studied possible direct test of little Higgs scenarios which light particle spectrum
includes a triplet scalar multiplet at LHC experiments. We have investigated the Drell-Yan pair
production of the doubly charged Higgs boson and its subsequent leptonic decays. In addition to
solving the little hierarchy problem, this scenario can also explain the origin of non-zero neutrino
masses and mixing via the triplet Higgs neutrino mass mechanism. Simple connection between
the observed neutrino mixing and triplet Yukawa couplings allows us to predict the leptonic
branching ratios of the triplet. Thus the experimental signatures of the model do not depend on
the size of the triplet Yukawa couplings allowing direct tests of this scenario at LHC.

In our analyses we have considered four n and/or 7 final states including up to 3 tau leptons.
We propose four selection rules to achieve the optimized signal and background ratio. As the
@ decays are lepton number violating, we have shown that the background can be practically
eliminated. In such an unusual situation we have used the LLR statistical method to demand
So discovery potential to be bigger than 95% (1 — CL;4p > 0.95) as the discovery criterion.
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The results of optimized cut values are presented in Table 3. Considering the pure Monte Carlo
study, @+ up to the mass 300 GeV can be discovered in the first year of LHC (L =1 fb~!)
and @+ up to the mass 800 GeV can be discovered for the integrated luminosity L = 30 fo!.
Including particle reconstruction efficiencies as well as Gaussian distortion functions for the
particle momentas and missing energy which mimic detector inefficiencies at Monte Carlo level,
our results show that @ ™" can be discovered up to the mass 250 GeV in the first year of LHC
and 700 GeV mass is reachable for the integrated luminosity L = 30 fb~!.

For further studies of this scenario at LHC progress can be made both physics-wise as well as
technically. Full simulations of the detector effects are needed which also include the electron,
muon and tau final states. For better determination of statistical errors coming from the back-
ground studies bigger SM background datasets must be produced. This requires huge computing
resources. If these goals can be achieved, the proposed phenomenology opens a new window to
study the neutrino properties at colliders. In addition to the considerations in this paper, one can
determine at LHC experiments the hierarchy (normal or inverse) of light neutrino mass spec-
trum, and to estimate the two Majorana phases which are not measurable in neutrino oscillation
experiments [46].
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Abstract

CMS is a general purpose experiment, designed to study the physics of pp
collisions at 14 TeV at the Large Hadron Collider (LHC). It currently involves
more than 2000 physicists from more than 150 institutes and 37 countries. The
LHC will provide extraordinary opportunities for particle physics based on
its unprecedented collision energy and luminosity when it begins operation in
2007.

The principal aim of this report is to present the strategy of CMS to explore
the rich physics programme offered by the LHC. This volume demonstrates
the physics capability of the CMS experiment. The prime goals of CMS are to
explore physics at the TeV scale and to study the mechanism of electroweak
symmetry breaking— through the discovery of the Higgs particle or otherwise.
To carry out this task, CMS must be prepared to search for new particles,
such as the Higgs boson or supersymmetric partners of the Standard Model
particles, from the start-up of the LHC since new physics at the TeV scale may
manifest itself with modest data samples of the order of a few fb~! or less.

The analysis tools that have been developed are applied to study in great
detail and with all the methodology of performing an analysis on CMS data
specific benchmark processes upon which to gauge the performance of CMS.
These processes cover several Higgs boson decay channels, the production and
decay of new particles such as Z’ and supersymmetric particles, B; production
and processes in heavy ion collisions. The simulation of these benchmark
processes includes subtle effects such as possible detector miscalibration and
misalignment. Besides these benchmark processes, the physics reach of CMS
is studied for a large number of signatures arising in the Standard Model
and also in theories beyond the Standard Model for integrated luminosities
ranging from 1fb~! to 30 fb~!. The Standard Model processes include QCD,
B-physics, diffraction, detailed studies of the top quark properties, and
electroweak physics topics such as the W and Z° boson properties. The
production and decay of the Higgs particle is studied for many observable
decays, and the precision with which the Higgs boson properties can be
derived is determined. About ten different supersymmetry benchmark points
are analysed using full simulation. The CMS discovery reach is evaluated
in the SUSY parameter space covering a large variety of decay signatures.
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Furthermore, the discovery reach for a plethora of alternative models for new
physics is explored, notably extra dimensions, new vector boson high mass
states, little Higgs models, technicolour and others. Methods to discriminate
between models have been investigated.

This report is organized as follows. Chapter 1, the Introduction, describes
the context of this document. Chapters 2—6 describe examples of full analyses,
with photons, electrons, muons, jets, missing Et, B-mesons and t’s, and for
quarkonia in heavy ion collisions. Chapters 7—-15 describe the physics reach
for Standard Model processes, Higgs discovery and searches for new physics
beyond the Standard Model.
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Table 12.3.The NLO background processes cross sections used (in fb).

background tt—>4 Zbb zz  tiz
Cross section times BR 88 10° 524.10° 229.5 650

section is 1% to 6%. The uncertainty on signal cross section is 10% to 15%. The uncertainty
on the luminosityZ is ~ 5% for an integrated luminosity of 101b.

Using a background cross section uncertainty of 6%, a signal cross section uncertainty
of 10% and a luminosity uncertainty of 5% the approximated uncertainties on the exclusion
mass limit and on the discovery mass limit are:

Exclusion Limit= (760*%°(bkg) + 10(signa) + 4(lumi)) GeV/c? (12.3)

Discovery Limit= (650"%%(bkg) *3 ,(signa) & 0.2(lumi)) GeV/c?.  (12.4)

12.2.2. Search for the final states witheptons

12.2.2.1. Introduction. In this section, we discuss the doubly charged Higgs boson pair-
production via a Drell-Yan process and investigate decays which involve taus and muons. The
branching ratios are assumed to be 1/3 for the following three chamxiets> 2u*, A** —

wrt* andA** — 2¢% The reasoning comes from recent neutrino mixing measurements. As
the neutrino mixing matrix and doubly charged Higgs boson decays are directly related then
the appropriate branchings can be determined.

12.2.2.2. Event generation.The doubly charged Higgs boson pair-production via Drell-
Yan process is generated usimgraia. Datasets are produced with Higgs boson mass from
200 GeV/c? to 600 GeV/c?. The taus from Higgs boson decays can decay both leptonically
and hadronically while in analysis we only consider hadronic decays.

The backgrounds which were considered for this analysis are as follows:

o tT — W*W bb generated byytaia, CompHEP, ALPGEN, TOPREX andMapGrapa with
W boson decay W~ ¢v (£ = e, u, t) forced.

o tt Z > W*W~Z bb generated wittCompHEP. The W and Z bosons are allowed to decay
arbitrarily.

o Zbb where the Z boson decays to muons areptons, generated withompHEP.

e ZZ generated witlpyTHIA, Where the Z bosons are forced to decay leptonically.(er,).
The contribution ofy* is included with m- > 12 GeV/c2.

The next-to-leading order (NLO) cross sections times branching ratios used for the
backgrounds can be found in Tabl®.3 The Monte Carlo statistics of the generated
background exceed 30th except b background, where it is 8 f. Therefore the results
will be presented for an integrated luminosity of 10%b

12.2.2.3. Event selection and reconstructiohe events are triggered by the single muon
trigger at Level 1 and HLT. After HLT the event is only used if it is possible to reconstruct the
event primary vertex. If the primary vertex fails to be reconstructed the event is rejected.

The muons are reconstructed using Global Muon Reconstructor.zTleptons are
reconstructed using-jet candidates and missing transverse energy after selection cuts. The
doubly charged Higgs boson invariant mass is reconstructed from the same charge lepton pairs
after all selection cuts.
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The selection cuts used on muons are:

e The transverse momentum must be higher than 50/@eNor background events 80% of
muons have pless than 50 GeXt while for the signal with Higgs boson mass 200 Ge3/
it is 27% and for higher masses it reduces to around 10%.

e The distance to primary vertex in z-direction must not exceed 0.03 cm. It does not cut away
any muons from the signal events but limits analysis to leptons coming from the same
primary vertex.

The selection cuts used anets are:

e Forz jets we considet decays which involve 1 or 3 charged tracks. We u$et candidates
which passed the-jet filtering algorithms described ir280. Two isolation criteria are
used. Either one or three charged tracks in the signal cone and no charged tracks in the
isolation cone or two tracks in signal cone and exactly one charged track in the isolation
cone.

e The maximal distance to the primary vertex in the z-direction of any charged trackin the
jet must not exceed 0.2cm.

e The transverse energy of the hottest HCAL tower of thjet must be higher than 2 GeV.
This cut eliminates 86% of all electrons takenzasandidates and only removes 7.5% of
realt jets.

e The transverse energy of thget candidate must exceed 50 GeV. It has been chosen to be
the same as the cut used on muons.

e No muon track should be in a cone withR = 0.3 constructed around thejet candidate.
If there is, then the candidate is dropped. This eliminates fafg¢ candidates which are
generated when a charged muon track passes the same region as photons or hadrons. With
this cut only a few reat jets are discarded however most of the falgets coming from
this misidentification are rejected.

Missing transverse energE{"ss) is reconstructed using calorimeter Typ&['ss (Ess
with the jet energy corrections) ang pf muons.

Only events with at least four objects, muonstgets, are accepted. The possible final
states are:

e A*"A™™ — 4u: this channel is investigated in the previous subsection.

e A™"A™™ — 3ulr: this channel is easily reconstructible as there is only one neutrino and it
goes the direction of the jet.

o AY*A™™ — 2u21: this channel can also be reconstructed using the assumption that the
neutrinos go in the same directions as thjets.

e A**A~ — 113t this channel can be reconstructed only with very g&gtFs resolution
as it requires an additional assumption that the masses of the two reconstructed Higgs
bosons are the same. However the reconstruction is very sensitE@'foaccuracy and
often the event has to be dropped due to negatilepton energies.

e A**A™™ — 41: this channel can not be reconstructed (and triggered by the single muon
trigger).

Once the event leptons are reconstructed, some additional selections are performed:

e Z boson veto: if the odd sign pairing gives an invariant mass af 81GeV/c? then these
leptons are removed from further use.

e Same charge lepton pairs are reconstructed and only those reconstructed Higgs candidate
pairs whose invariant mass difference is within 20% of each other are considered.

The reconstructed mass of doubly charged Higgs boson is shown on ERuifer the
Higgs boson masses 200 and 500 GeA/
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Figure 12.7. The reconstructed invariant mass fot M=+) = 200 GeV/c? and 500 GeYc?.

Table 12.4.The signal selection efficiencies for different** masses. Total efficiency is the
product of the single efficiencies.

mi* (Gev/c?) 200 300 400 500 600
Level 1 and HLT 83.7% 86.0% 86.7% 85.8% 88.3%
Primary vertex 96.9% 98.5% 97.0% 97.5% 98.0%
4 leptons in final state 10.1% 17.2% 23.6% 24.7% 26.7%
two pairs and at leastone 44.9% 46.1% 41.7% 53.2% 52.9%
Mass difference 62.5% 77.2% 80.4% 74.3% 63.6%
Total signal efficiency 23% 51% 6.6% 81% 7.7%

12.2.2.4. Selection efficienciesThe upper limit of the signal selection efficiency is given by
the fraction of events with31t, 2u2t, 1u3t (r — hadrons) topology relative to all possible
final states with muons andleptons from decays of two Higgs bosons. Assuming the above
mentioned branching ratios the upper limitis35%. The fraction of every selected topology
is given below:

o A*A~ = 3ulr = 2/9 events< 0.65= 14.4%
o A™A™™ — 2127 = 3/9 eventsx< 0.65 = 14.1%
o A"™"A™" = 137 = 2/9 eventsx 0.65° = 6.1%.

where 0.65 is the branching ratio af— hadrons decays. Tabl&2.4 summarises the
efficiencies of each selection (relative to the previous one) for the signal of differ&ht
masses. The lepton selection efficiency and purity is shown in Tablgé Background
efficiencies are shown in Table.6

12.2.2.5. Systematic errorsAt the integrated luminosity of 10 the cuts implemented
above result in an almost background free signal. For datasets with Monte Carlo statistics
above 30fb? giving zero Monte Carlo events after all selectiotls ¢ Z*) we assume the
background to be zero. ForZ background where is one Monte Carlo event passing all cuts,
which corresponds to 0.05 expected events when scaled with cross section and luminosity.
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Table 12.5.Single muon and selection efficiencies and purity.

mit (Gev/c?) 200 300 400 500 600

Singleu selection efficiency 70.7% 82.0% 86.1% 87.2% 89.2%
1- purity of accepted muons: 0.1% 04% 0.8% 0.7% 1.0%
Singler selection efficiency 36.6% 42.3% 50.6% 53.3% 53.3%
1 - purity of accepted jets: 22% 22% 42% 3.6% 3.2%

Table 12.6.Selection efficiencies for background. Total efficiency is the product of the single

efficiencies.

Process tt ttz 7z Zbb

Level 1 and HLT trigger 40.7% 20.3% 40.0% 42.1%
Primary vertex 99.3% 99.8% 96.7% 98.2%

4 leptons in final state 0.0015% 0.04%  3.0% 0.0005%
two pairs and at least one — 0.1% - -

Mass difference - 100% - -

Total signal efficiency - 0.0008% — -

For Z bb background where the Monte Carlo statistics corresponds to'8bevents passed
all cuts. The analysis was repeated withcut on muon £ jet) of 40 GeV/c, 30 GeV/c and
20 GeV/c, again with no events passing the cuts, which confirms the assumption that leptons
coming from Zbb are too soft to produce a background. Considering the smallness of alll
backgrounds we assume no background at I8fbr the following analysis.

The systematic uncertainties used for the signal are the following:

muon misidentification4 x): 1% per muon;

muon isolation A uisol): 2% per event;

7 jets identification A1): 9% perr jet;

luminosity (AL): 5%;

PDF and scaleAo) 10% (theoretical uncertainty, it is not used for the signal cross section
measurement with no background).

As the events are a mixture of different decay modes the total selection efficiency
uncertainty QAes) is calculated per decay channel and then added together with the
corresponding weights:

A3plt =+/3Au?+ A1 =8.2%,
A212T =/ 2Ap? + 2AT% = 11.4%,
Alu3t =/ Ap?+3A72 = 13.9%,

_ 144A3p 17 +141A2u27 + 61A1u3r
s 346
The total systematic error for cross section measurement is then

giving
=10.5%.

A
29 _ \/AMSOF +AL2+Ass? = 13%
o
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Table12.7.Expected number of events, NLO cross section with expected statistical and systematic
uncertainty of the cross section measurement at 19 fand integrated luminosity needed for
exclusion at 95% CL.

mi* (Gev) 200 300 400 500
Nev expected at 10 fbt 26 10 4 2
ono Estattsyst (fb)  939"1%3+122 1968 +25 59'3i+t08 22'4%+03
Luminosity for 1.3 3.0 7.7 16.8

95% CL exclusion, fot

The statistical errors were evaluated constructing the shortest Bayesian confidence interval for
the confidence level of 679669.

12.2.2.6. Results. The expected number of events at 10'fland the NLO cross section with
expected statistical and systematic uncertainty of the cross section measurement are given in
Table12.7. Table12.7shows also the integrated luminosity needed for exclusion at 95% CL.
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If the observed light neutrino masses are induced by their Yukawa couplings to singlet right-handed
neutrinos, the natural smallness of those makes direct collider tests of the electroweak scale neutrino mass
mechanisms difficult in the simplest models. In the triplet Higgs seesaw scenario the smallness of light
neutrino masses may come from the smallness of B — L breaking parameters, allowing sizable Yukawa
couplings even for a TeV scale triplet. We show that, in this scenario, measuring the branching fractions of
doubly charged Higgs to different same-charged lepton flavors at CERN LHC and/or ILC experiments
will allow one to measure the neutrino mass parameters that neutrino oscillation experiments are
insensitive to, including the neutrino mass hierarchy, lightest neutrino mass, and Majorana phases.

DOI: 10.1103/PhysRevD.77.115023

I. INTRODUCTION

In the recent past neutrino oscillation experiments have
shown convincingly that at least two light neutrinos have
nonzero masses and their mixing is characterized by two
large mixing angles [1]. Those facts constitute indisputable
evidence of new physics beyond the standard model (SM).
However, despite intense experimental and theoretical ef-
fort over many years, understanding of the origin of neu-
trino masses is still missing.

From the experimental point of view the information on
neutrino masses coming from oscillation experiments is
limited by the fact that these experiments are only able to
measure the differences of squared neutrino masses and not
their absolute magnitude; neither are they sensitive to the
Dirac or Majorana nature of light neutrinos. In particular,
the present oscillation experiments cannot distinguish be-
tween the two possible mass ordering patterns of light
neutrinos, the normal and the inverted ones, and are in-
sensitive to the possible Majorana phases [2] of neutrinos.
The observed smallness of the neutrino 63 mixing angle
makes it very difficult to measure any new parameter, such
as the neutrino Dirac CP phase 8, in neutrino oscillation
experiments before a distant-future neutrino factory [3]. To
learn conceptually new facts about light neutrinos in a
shorter time scale likely requires an experimental break-
through either in low energy neutrino experiments, such as
the neutrinoless double beta decay (Ov83) decay experi-
ments, or in collider physics.

From the theory side we still do not know why neutrinos
are so light compared to charged fermions. It is natural that
the SU(2); doublet neutrinos couple to new singlet (right-
handed) neutrinos N and the SM Higgs doublet in a direct
analogy with all other SM fermions. If this is the only new
physics, the smallness of neutrino masses requires unnatu-
rally small Dirac Yukawa couplings. Alternatively, the
singlet neutrinos may have very large Majorana masses
which suppress the light neutrino masses to the observed
range via the seesaw mechanism of type I [4-8] even for

1550-7998/2008 /77(11)/115023(13)
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large values of the Yukawa couplings. Generically neither
of those simple scenarios can be directly probed at low
energy nor collider experiments.! Making the singlet neu-
trinos as light as 1 TeV to be kinematically accessible at
colliders does not help because their only interactions are
of Yukawa type, and the seesaw mechanism predicts that
the couplings are too small for any observable signal
except the neutrino masses. Complicated model building
is required to ensure the correct light neutrino masses,
1 TeV heavy neutrinos, and meaningfully large neutrino
Yukawa couplings at the same time. Unfortunately the
direct tests of singlet neutrino mass mechanism at LHC
are experimentally demanding even in those models [12—
15]. Brighter prospects for the discovery of TeV scale
heavy neutrinos at LHC occur in the context of models
with extended gauge sector [16].

However, group theory tells us that generation of non-
zero masses for the SM doublet neutrinos does not require
the existence of singlets. One of the best motivated and best
studied neutrino mass scenario is the triplet Higgs mecha-
nism [17-21], sometimes called seesaw mechanism of
type II. From the point of view of direct tests the triplet
Higgs neutrino mass mechanism has several advantages
over the singlet one. First, the SU(2); triplet multiplet
contains a doubly charged scalar which can be pair pro-
duced at colliders independently of their Yukawa cou-
plings. Thus tests of this mechanism are limited only by
the collision energy. Second, the smallness of neutrino
masses does not imply the smallness of triplet Yukawa
couplings. As neutrino masses in this scenario are neces-
sarily of Majorana type, they may be different from the

"This conclusion may be different if softly broken supersym-
metry exists in nature. Flavor violating Yukawa couplings of
heavy neutrinos may induce flavor off-diagonal elements in the
soft slepton mass matrices via the renormalization effects [9,10]
which may lead to observable rates of lepton flavor violating
processes. This very complex scenario requires analyses beyond
the present one [11].

© 2008 The American Physical Society
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Dirac fermion masses because of the smallness of B — L
breaking. This is natural by the ’t Hooft criterion as B — L
is a conserved quantum number in the SM. Thus the
neutrino Yukawa couplings to triplet may be sizable, con-
strained by unobserved lepton flavor violating interactions,
and dominate over the triplet coupling to two gauge bo-
sons. Third, the triplet Yukawa couplings directly induce
the neutrino mass matrix up to the small B — L breaking
triplet vacuum expectation value (VEV) which appears in
neutrino masses as a common proportionality factor.
Altogether those arguments imply that one can study the
neutrino mass parameters at CERN Large Hadron Collider
(LHC) and/or International Linear Collider (ILC) experi-
ments by just counting flavors of the same-charged lepton
pairs originating from the doubly charged Higgs boson
decays.

In this work we extend the analysis of our previous paper
[22]. While in Ref. [22] we studied the discovery potential
of LHC experiments for the process pp — ®*+d ™~ [22—
29] assuming that the subsequent decays of ®~* are
determined by neutrino data, in this analysis we turn the
argument around and study what can one learn about
neutrino physics if LHC and/or ILC will discover the
triplet Higgs bosons. In particular, we concentrate on neu-
trino parameters which cannot be measured in oscillation
experiments, the light neutrino mass ordering, the mass of
the lightest neutrino, and the Majorana phases a; and «,.
Neutrino mass hierarchy patterns at colliders have been
previously studied in [30]. First we derive analytical ex-
pressions for those quantities which are functions of the
doubly charged Higgs branching fractions to different
flavor combinations of charged lepton pairs, ®** —
€4, 1, j = e, u, 7. Thus neutrino physics at colliders turns
out to be just a counting experiment of lepton flavors. This
simplifies the life, in particular, at LHC experiments
which, in general, have larger measurement errors than at
ILC. The analytical results are first derived assuming the
tribimaximal mixing for neutrinos, which predicts
sinf;; = 0, and extended later to nonzero values of
sinf 5. After that we study to what precision those quan-
tities can be measured in realistic experiments. Finally we
demonstrate that combining positive collider signals of this
scenario with the possible measurement of the neutrino
mass matrix entry (m,),, would allow one to determine
separately the size of triplet Yukawa couplings and the B —
L breaking VEV of the triplet. Thus one can entirely probe
the neutrino mass generating mechanism at terrestrial
experiments.

We find that there are distinctive flavor signals which
indicate certain patterns of neutrino mass matrix. For
example, very few electrons in ®~~ decays definitely
points towards normally hierarchical light neutrinos.
There is theoretical ambiguity in determination of the
Majorana phases and only a combination of them can be
measured. However, in the case of a very hierarchical
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neutrino mass spectrum one of the Majorana phases is
effectively decoupled from physics and one can, in princi-
pal, measure the magnitude of the physical phase.
Although the experimental errors in determining those
quantities may turn out to be quite large in general, we
show that there exist scenarios which can already be fully
solved at LHC. In the optimistic scenarios the branching
fractions of the doubly charged Higgs boson decays can be
used to (i) determine the neutrino mass hierarchy;
(i1) estimate the mass of the lowest neutrino state;
(iii) estimate the Majorana phases of CP violation;
(iv) measure the value of Higgs triplet VEV. We note that
those measurements are also sensitive to all other neutrino
parameters including the mixing angles and CP violating
phase 6. We show that the latter two are, in principle,
measurable at collider experiments. However, those quan-
tities can be determined with much higher precision in
other experiments, and we do not study their effects in
detail in this paper.

The paper is organized as follows. In Sec. II we present
the collider phenomenology of the doubly charged Higgs
boson and relate the collider observables to the neutrino
parameters. In Sec. III we present details of the analysis of
neutrino parameter measurements at colliders. In Sec. IV
we discuss the possibility of measuring the triplet Higgs
VEV and determination of the full neutrino mass matrix.
Finally we conclude in Sec. V.

II. PHENOMENOLOGICAL SETUP

In this work we assume that the SM particle spectrum is
extended by a scalar multiplet ® with the SU(2); X U(1)y
quantum numbers & ~ (3, 2). We also assume that its mass
is below O(1) TeV and the pair production processes at
colliders,

pp—®TT® " and ete - OTTDTT, (1)

are kinematically allowed. Such a scenario is realized, for
example, in the little Higgs models [31-34].
The triplet couples to leptons via the Lagrangian

L =if§;r,Yi(r- ®)¢;; + He, )

where (Yg);; are the Majorana Yukawa couplings of the
triplet to the lepton generations i, j = e, u, 7. If the neutral
component of triplet acquires a VEV wvg, the nonzero
neutrino mass matrix is generated via

(m,);; = 2(Yo)ijve. (3)

To avoid the existence of phenomenologically unaccept-
able Majoron the B — L breaking VEV wvg cannot occur
spontaneously. Instead it should be induced effectively via
the coupling of ® to the SM Higgs doublet H as
u®HOHY where the dimensionful parameter u breaks
B — L explicitly [35]. Because in the limit u — O the
symmetry of the model is enhanced, it is natural that u
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is a small parameter. Model building in this direction [36—
38] is beyond the scope of the present analysis. Indeed, the
above described scenario is consistent with the observation
that neutrino masses are much smaller than the masses of
other SM fermions. Thus the smallness of neutrino masses
is explained by be smallness of v4 and the Yukawa cou-
plings (Yg);; can be of order SM Yukawa couplings. The
most stringent constraint on them arises from nonobserva-
tion of the muon decay u — eee which implies Y, Y;, <
21073 for mg = 1 TeV [39].

It is important to emphasize that the precise values of
(Yg);; are not relevant for the collider physics we consider
in this work. The relationship between neutrino parameters
and doubly charged Higgs boson decays comes from the
fact that the Yukawa coupling matrix of doubly charged
Higgs to leptons is proportional to the Majorana mass
matrix as given by Eq. (3). Thus, to establish this connec-
tion experimentally, observable rates of the leptonic
branching fractions must exist.

The decay width of doubly charged Higgs to the corre-
sponding leptonic channel is given by

a7 | (Yo) i e
Fzrq)iiﬁgifi — )87 dJii [}
t ( i j) {ﬁl(Y(I))ijlzm(bti

and the decay width to the WW channel is

Tyw = D@ — WEW})

2 2 2
- 81 Ve M- (3mw; 4 M= 1)(1 _ 4mW2)1/2

2 2 2
167mef Mgy 4mwg

= kv(zb. 5)

We assume the possible decays ®*+* — ®*W™' to be
kinematically forbidden and neglect them in the following
analysis. The branching ratio of ®== to a single leptonic
channel can be calculated using the decay widths

++ + o+ Flj
BRUEBR((I)__—’gl_g_) = , (6)
/ ]'—‘tot

where Ty = 3;=;[;j + Ty is the total decay width.
Since I';; is directly related to neutrino mass matrix, we
can derive a relation between the ®**d~~ branching
ratios that can be measured in collider experiments and
the neutrino mass matrix, that contains all currently un-
known neutrino parameters. The branching ratio to a single
decay channel can be found combining Eqs. (3), (4), and

(6)

|(mv)ij|2
> 10m,)i P + dkvg’

i=j

BR (%% — (£(%) = @)

where (m,);; is the neutrino mass matrix in flavor basis.
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Equation (7) shows the direct relationship between neu-
trino parameters and the ®** branching ratios.

The neutrino mass matrix can be diagonalized by unitary
leptonic mixing matrix U,

m, = U'mPUT, (8)

where the diagonalized neutrino mass matrix m? is given

by
mp O 0
ml=10 m 0 |
0 O ms

Here m;, m,, and m5 represent the masses of neutrino mass
eigenstates v, v,, and v;. v; and v, masses differ by
Am2, =7.92(1 =0.09) X 107> eV? measured by solar
oscillation experiments [40] and m; < m,. The third ei-
genstate v3 is separated from the first two by splitting
AmZ, = 2.6(1721%) X 107 eV? [41] and can be heavier
or lighter than the solar pair. The two possibilities are
called normal and inverted spectrum, respectively. The
third possibility—nearly degenerate masses—appears
when the lowest neutrino mass is large compared to the
measured mass differences and m; = m, = ms;.
Cosmology implies that neutrinos are lighter than about
0.2 eV [42].

Since we have assumed that there are only three
Majorana neutrinos, U is a 3 X 3 mixing matrix that de-
pends on three mixing angles and three phases and can be
parametrized as

1 0 0 C13 0 Slge_ia
U= 0 Cr3 $23 0 1 0

0 —s23 23 =53¢ 0 €13

Cio S12 0 €ia] 0 0
X —S12 C1p 0 0 eiaz 0 B (9)
0 0 1 0 0 1

where ¢;; = cosb;;, s;; = sinf;;, and 6;; denote the mixing
angles. The quantities 8, «;, and a, are CP violating
phases. 6 is the Dirac phase and characterizes CP violation
regardless of the character of neutrinos. «; and «, are
called Majorana phases and are physical only if neutrinos
are Majorana particles. If the neutrinos were Dirac fermi-
ons, both Majorana phases could be absorbed by appropri-
ately redefining the neutrino fields, and the only observable
CP violation parameter would be the Dirac phase 6. Also
note that & appears in the mixing matrix only as
sinf3e®>—so the influence of & crucially depends on the
value of 63 and has physical consequences only if 65 is
nonzero.

The mixing matrix contains six independent parameters:
three mixing angles (63, 0,3, and 6,,) and three phases
(a1, @y, and ). Mixing angles are known from the global
fit to neutrino oscillation data and are given by (20 errors)
[40,41]
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sin?0;, = 0.314(110:1%), sin®6,; = 0.45(1793),
sin?f;3 = 0.8733 X 1072 (10)

Up to now no experiment has been able to determine the
values of phases so that

8, ay, a, €[0,27], (11)

remain unconstrained.

So far we have shown that doubly charged Higgs boson
branching ratios are directly related to neutrino parameters
as given by Eq. (7) and depend on neutrino mass matrix m?%
and mixing matrix U. Additional information can be ac-
quired from the neutrinoless double beta decay experi-
ments, which independently probe the absolute value of
the (m,),, entry in the neutrino Majorana mass matrix.
Such relations allow direct measurements of neutrino pa-

rameters in particle collider experiments.

III. MEASURING NEUTRINO PARAMETERS
AT COLLIDERS

We assume that the doubly charged Higgs in this sce-
nario has been produced and discovered as shown in
Ref. [22]. The produced doubly charged Higgs bosons
have 6 different leptonic decay channels. Branching ratios
to these channels are functions of neutrino parameters
according to Eq. (7). We have fixed the values of mass
differences Am2,, and Am?2, in the subsequent calcula-
tions, as they have been measured with a good precision in
neutrino oscillation experiments. With such an assumption
we can write an equation system of six independent equa-
tions that relates branching ratios of six different ®**
leptonic decay channels with unknown neutrino parame-
ters,

BR ij = fk(m()’ Sign(Amatm)) 0]3) 023’ 612! 5: ay, a2);
(12)

where m represents the mass of the lowest neutrino mass
eigenstate (m; or m; for normal or inverted mass spectrum,
respectively), k = 1,...,6 and i, j = e, u, 7. Notice that
leptonic tau decays provide extra background to the doubly
charged Higgs decay modes with primary electrons and
muons. Detection of taus and discriminating this back-
ground from the signal has been studied in [22] and we
assume that such an analysis provides us with the physical
branching ratios. In the subsequent analysis we have used
relations between the leptonic branching ratios instead of
their absolute values. This method is independent of the
possible ®** decay to WW channel, which is more com-
plicated to measure accurately at LHC. In such an ap-
proach we simply count the events of ®** decays to
different channels and calculate their relative differences.
As a result we have five independent equations. In order to
solve this equation system with respect to unknown neu-
trino parameters, we have to fix at least some of them.
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Consequently we can solve the equation system (12) for
different neutrino parameters and obtain them as functions
of the @~ leptonic branching ratios BR;;.

A. Results for the tribimaximal mixing

Since approximate values of neutrino mixing angles are
known from oscillation experiments and the precision of
measurements is expected to be increased in upcoming
years [43], we fix their values in most of our analysis.
We have chosen to follow the tribimaximal model [44]. It
has been proposed that the combined existing data from
neutrino oscillations point to a specific form of the lepton
mixing matrix with effective bimaximal mixing of v, and
v, at the atmospheric scale and effective trimaximal mix-
ing at the solar scale—hence denoted as tribimaximal
mixing. The tribimaximal mixing predicts

Sin2012 = %, Sin2023 = %, Sin2013 = 0, (13)

which are perfectly compatible with the present experi-
mental uncertainties given by Eq. (10). The main aim of
this paper is to provide information about the Majorana
phases and absolute values of neutrino masses. In the
tribimaximal model the CP violating phase 0 is not physi-
cal due to the zero value of 6,3 and the only remaining
unknown variables are the lowest neutrino mass mi,, neu-
trino hierarchy, i.e., sign(Am,,,), and Majorana phases «;,
and ;.

Having fixed the mixing angles according to Eq. (13),
we end up with four independent equations for branching
ratios, since BR,, = BR,; and BR,,, = BR,;. If a mea-
surement would show that these branching ratios are not
equal, this is a clear indication that the tribimaximal model
has to be modified. As we are using the relations between
branching ratios for the calculations, the number of inde-
pendent equations is reduced to three. Such an equation
system can be solved with respect to three unknown pa-
rameters: the lowest neutrino mass m, and Majorana
phases a; and a,. We show how the mass of the lowest
neutrino mass eigenstate, neutrino mass hierarchy, and the
difference of two Majorana phases |Aa/| can be uniquely
determined from the relation (7). Unique solutions for a;
and a, are not determined by the ®*"®~~ branching
ratios, and two sets of degenerate solutions are found.

1. Neutrino hierarchy and the lowest neutrino mass

First we consider the equation system given by Eq. (12)
with the fixed tribimaximal mixing angles. For the neutrino
mass hierarchy and lowest neutrino mass determination we
combine the branching ratios of wu, u7, ee, and eu
channels. After some simple algebra we find a relation
between these branching ratios that depends only on neu-
trino masses and is independent of the Majorana phases,
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_2BR,, +BR,, — BR,,
! BR,, + BR,,

—m? 2 2
_ —mj+mj + 3m3
2m? + m3

(14)

Here and onwards in this paper C, denote constant dimen-
sionless parameters which can be measured in
experiments.

The mass hierarchy can be easily determined by simply
measuring the value of C; that is independent of the values
of a; and a,. It can be found that C; uniquely determines
the mass hierarchy as follows:

(i) C; > l—normal mass hierarchy,

(i) C; < l—inverted mass hierarchy,

(ili) C; = 1—degenerate masses.

After the mass hierarchy measurement we can solve
Eq. (14) for either normal or inverted mass hierarchy. For
the normal mass hierarchy m; is the lowest mass state,
m3 = m} + Am2 and m3 = m?} + Am2, + Am2,,. After
substituting m, and ms, we get the following equation that
can be solved with respect to m,

Am2 (4 — C)) + 3Am2,

2 —
! 3(C, - 1)

m (15)

Alternatively, for the inverted mass hierarchy mj is the
lowest mass state, m3 = m3+ Am2, and m}=
m3 + Am2,, — Am?2,. After the substitutions, Eq. (14)
can be solved with respect to m5 as follows:

Am2 (1 +2C,) — 3C,AmZy,

PHYSICAL REVIEW D 77, 115023 (2008)

good experimental precision (which is not likely to be
achieved at LHC) because the branching ratios are increas-
ingly less mass dependent for larger mass values. This is
demonstrated in Fig. 1, which presents the dependency of
doubly charged Higgs branching ratios on the lightest
neutrino mass for the normal and inverted mass hierar-
chies. We have assumed a real mixing matrix, i.e., fixed
Majorana phases to zero. The ey and er channels have
only vanishingly small contributions for &; = @, = 0, but
are increased for nonzero values of the Majorana phases.
The branching ratio to ee channel is a especially good
characteristic for mass hierarchy determination that varies
greatly depending on the hierarchy and the neutrino mass.
This branching ratio is negligible for the normal mass
hierarchy with very small mass while it is the dominant
decay channel for the inverted mass hierarchy. If the mass
of the lightest state increases, both the normal and inverted
hierarchies have almost the same distribution of branching
ratios, ®*= decay to ee, uu, and 77 with nearly equal
probabilities while the decays to other channels are negli-
gible. This indicates the degenerate masses.

2. Majorana phases

If the neutrino masses are measured as shown in the
previous section, we can determine the values of Majorana
phases in a similar way. Once again we use the tribimax-
imal values for all mixing angles and combine expressions
from the equation system (12). We first determine the
difference between the Majorana phases Aa =
|y — a,l. Using a relation between the ee and ey decays

2 = .
ms = 3(C, — 1) (I6)  channels we obtain
BR 2 2 _
For nearly degenerate masses (m; > 0.1 eV) accurate C,=—"£= 2(mé + m% 2mymy COSAQ). ")
measurement of the lowest neutrino mass requires very BR,.  4mi+ m; + 4mym; cosAa
ranching ratios (normal hierarc ranching ratios (inverted hierarc
 Branching ratios ( I hierarchy) Branching ratios (inverted hierarchy)
U= =
0.9F 0.95T |
08541 | : 08 —
07t 3 07/t | R000ESE i
0.6/ I 0.6/ T
: My |
0.4 0.4f
0.3[ 0.3
‘ Lee
02l | e ] °-2,5""|
0.1} 1 0.1
n RN e S ¢ | 5 OC0Q0000000R00Ck > ehleelelee el
4 3 2 1 4 3 2 A
10 10 10 1[(')‘1 (V) 10 10 10 1[9‘3 (eVv)

FIG. 1 (color online).

Distribution of the ®** leptonic branching ratios as a function of the lightest neutrino mass. The left (right)

panel corresponds to the normal (inverted) mass hierarchy. For nearly degenerate masses the two possibilities imply almost the same

result.
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From this expression we can find separate solutions for the different mass hierarchies. For the normal hierarchy A« can be

found to be

while for the inverted hierarchy we find

Aa = arccos<(4 —5C)mi + 2 - CZ)Am%Ol) (18)
4(1 + Cz)ml\/m% + Ami, ,
212C, — D)Am2 + (4 — 5C,)(AmZy, + m3) ) (19)

Aa = arccos(

which can be approximated as

B 4 —5C, Am2,
Aa = arccos(m> + @(Amgtm) (20)

For the inverted hierarchy, up to small corrections, the
equation for A« is independent of the value of ms. This
means that Eq. (20) is valid both for the inverted hierarchy
and degenerate mass spectrum. The solution for the normal
hierarchy given by Eq. (18) contains the lowest neutrino
mass which must be measured previously with an accept-
able precision.

We found that |Aa| can be uniquely determined up to a
sign uncertainty sgn(a; — a,) since cosine is an even
function. In order to find a solution that separately deter-
mines «; and a,, we use the expression for Aa given
either by Eq. (18) or Eq. (20) together with the definition of
cosine of the difference of angles and construct the equa-
tion system of two independent equations,

_2BR,,, =BR,; 2ms(cosa;m; +2cosa,m,)
* BR,, +BR,, 2m2 + m?

>

cosAa = cosa, cosa, + sina; sinas.

21

Unfortunately such an equation system does not have a
unique solution due to the uncertainty in sgn(a; — a,),
and two sets of degenerate solutions for «; and «, are
found, one of which is correct for @y > a, and the other
corresponding to @, > a;. It is not possible to tell only
from the collider data which angle is bigger and which of
|

2
C, = BR,, _ 13Am,;

+ 9Am2,, +

4(1 + C2)J(Amglm + m%)(m% + Amgtm - Amgol)

|
the solutions is correct. In the following we present the
effect of the Majorana phases to branching ratios for three
different mass hierarchies and discuss the consequences of
nonvanishing 5.

B. Measuring Majorana phases for different mass
hierarchies

In this section we study some well motivated particular
cases of neutrino mass parameters which can be well
measured at LHC. Those are:

(1) Normal mass hierarchy, m; = 0. Branching ratios

are independent of «; a, can be determined.

(ii) Inverted mass hierarchy, m; = 0. Branching ratios
are independent of absolute values of Majorana
phases; Ao = || — a;| can be determined.

(iii)) Nearly degenerate masses, m; = m, = ms = m.
Expressions for branching ratios become indepen-
dent of m.

We have kept the mixing angles fixed to tribimaximal

values unless stated otherwise.

1. Normal hierarchy, m; = 0

In this case the doubly charged Higgs branching ratios
are independent of «; and we can determine «,. Branching
ratios to the decay channels that involve electrons can be
neglected and, for expressing the solutions, we use the
branching ratios to pwu and u7 channels. The relation
between these channels gives the following equation with
o, as the only unknown parameter:

12 cosaz\/A mzol\/Amz

2
sol + Amalm

BR

This can be solved uniquely for a, as

(2C4 — D(13Am2,, + 9Am2,,) )
12(1 + 2C4)\/Am§01\/Am§01 + Am2,,

(23)

oy = arccos(

. (22)

vt 2(13Am2, + 9Am2,, — 12 cosan/Amfol\/Amfol + Am2,,)

I

The distribution of branching ratios for the tribimaximal
mixing angles is shown in the left panel of Fig. 2. The
dominant decay channels are pu, 77, and w7. Decays
including electrons can be neglected, since the branching
ratios to the ee, eu, and e channels are suppressed by
Am2,/Am2,, which is small compared to the relevant
terms in other decay channels. Nonzero «, causes a small
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FIG. 2 (color online).

2

Distributions of the branching ratios as a function of «,. The left panel corresponds to 6,3 = 0 with the ee,

ew, and et channels giving nearly negligible contributions. When 65 is nonzero (the right panel), small branching ratios to eu and
et channels can be measured. Nonzero ¢ in the right panel causes the slight asymmetry with respect to a, = 7.

variation in branching ratios; the w7 channel is increased
while the 77 and wu channels are reduced proportionally.
The right panel shows the effect of nonzero 65 and § that
create small nonzero contributions to the e and e7 chan-
nels. In this case nonzero 63 could be clearly detected.
However, those can comprise only about 10% of all the
decays and require high statistics to be adequately mea-
sured at colliders. We also emphasize that the asymmetry
of distributions in this case is CP-violation effect due to
nonvanishing Dirac phase &.

In conclusion, if we have identified the normal mass
hierarchy with nearly zero value of m;, which is being
described by pu, pr, and 77 as the dominant decay
channels, we can measure «, from the ratio between uu
and u7 channels. We note that the changes in branching
ratios are symmetrical with respect to a, = 7 and we
always have two possible solutions. The nonzero 65 and
0 can create a slight asymmetry in the solutions due to the
CP-violation and thus provide a possibility of unique
determination of «,. However, this is a very small effect
that requires a precision measurement and most likely can
not be detected at the LHC.

2. Inverted hierarchy, m; = 0

In this case the branching ratios do not depend on
absolute values of Majorana phases and only their relative
difference A e can be measured. We still can use Eq. (20) to
determine the value of Aa. The distribution of all ®**
branching ratios as functions of A« is presented in Fig. 3.
One can see that the changes in branching ratios caused by
nonzero Aa are much more prominent than the changes
caused by @, for normal hierarchy. When Aa = 0, ee is
the dominant decay channel and the eu and er channels
can have only very small contributions resulting from

small nonzero 63. If #;3 = 0 is assumed, any nonzero
contribution to the eu or et channels would indicate non-
zero value of Aa. Nonzero A« suppresses the ee channel
considerably, and the branching ratios to e and et chan-
nels can occupy more than 80% of all leptonic decays. The
branching ratio to the ee channel remains nonzero in this
case. The effect of nonzero 6,3 and CP violation angle 0 is
presented in the right panel of Fig. 3. The nonzero 65
causes small changes in branching ratios. For Aa = 0, it
causes an increase of the branching ratios to ex and et
channels while the number of decays to the ee channel is
decreased. For Aa = 7, the branching ratios to the uu
and 77 channels are increased. The nonzero Dirac phase 6
is responsible for the small asymmetry of the plot with
respect to A = 7. As in the previous case, the asymmetry
is a signal of CP-violation. Such a small deviations are,
however, very difficult to measure at colliders in practice.

3. Degenerate masses

When neutrino masses are large compared to the mass
differences Amg, and Amy,,, all three mass states are
approximately equal and we can use the model of nearly
degenerate neutrino masses: m; = m, = m3 = m. As
shown before, the exact value of neutrino mass can not
be determined by ®*=* decay statistics, since m becomes
independent of branching ratios in the degenerate limit.
This means that m is canceled from the expressions for
branching ratios and the calculation of the Majorana
phases is significantly simplified. To obtain general pre-
dictions we first assume a small value of 6,5, so that higher
order terms of the expansion can be neglected, and do not
fix other parameters.

First we can check whether any of the Majorana phases
has a nonzero value. When a; = a, = 0, we would ob-
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FIG. 3 (color online). Distribution of the ®== branching ratios as a function of A« for 6,3 = 0 (left panel), and 6,3 = 0.22,
8 = /2 (right panel). The asymmetry of the latter plot signals nonvanishing CP-violation.

serve nearly equal amount of decays to ee, uu, and 77
channels, while all other decay channels would be sup-
pressed:

BR,, ~BR,, =BR,, = 24)
BR,, = BR,, = BR,, = 0. (25)

Nonvanishing branching ratios to ey and et channels
are clear indicators for nonzero Aa. When a; = a, = «
branching ratios to both ey and er channels are very close
to zero BR,, = BR,; = 0. A small nonzero contribution
can be added when 65 has a value that is close to its upper
limit and higher order effects (nonzero sin’6,5) become
influential.

Branching ratios (m0 =0.2eV,0,=0)

A very clearly recognizable signature appears when both
Majorana phases are maximal (a;, = ). If we also as-
sume 0,3 = 7/4 (the best fit value), then ®** has only
two possible decay channels predicting BR,, = 0.34 and
BR,,; = 0.66, while all other channels are completely sup-
pressed. Small deviations in 6,3 cause small contributions
to the u o and 77 channels while the branching ratio to w7
channel is decreased by the same amount.

The behavior of branching ratios is plotted in Figs. 4 and
5, which present the dependence of branching ratios on
Aa. The case for a, = 0 is shown in the left panel and the
one for @y = 0 in the right panel. Figure 5 shows the
branching ratios for different values of Majorana phases
when Aa = 0. If we have identified the degeneracy of
neutrino masses, we can analyze the values of Majorana

’ Branching ratios (m =0.2 eV,0,,=0) ‘
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FIG. 4 (color online). Distributions of the ®** branching ratios for nonzero Aa. The left figure presents the case for fixed a, = 0,

and the right figure for fixed a; = 0.
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FIG. 5 (color online). Distributions of the ®** branching
ratios for different values of «; and «,, assuming Aa = 0.

phases without making any assumption about the values of
mixing angles.

(i) Equal branching ratios to the ee, wu, and 77 chan-
nels with all other channels being suppressed indi-
cates that ay = a, = 0.

(i) Nonzero branching ratio to the w7 channel means
that at least one of the Majorana phases has to be
nonzero.

(iii) Nonzero branching ratios to the ex and et chan-
nels and the deviation from the result BR,, = 0.34
can be generated only by nonzero A«. Small non-
zero contribution to the e and e channels can be
alternatively caused by a large value of 6.

To give exact solutions for the Majorana phases, we fix
the values of mixing angles according to the tribimaximal
model. |Aa| can be found from Eq. (20) which is valid
both for the inverted mass hierarchy and the degenerate
spectrum. Separate values for «; and «, can be determined
from the equation system

€= 2BR2B§M1;1; BI_Q:ER
1 ur e
= %(3 — 2cosa; — 4cosay), (26)
cosAa = cosa) cosa, + sina, sina, = ﬂ
4(1 + Cy)

Again, two possible sets of solutions are found for the
Majorana phases and the ®** branching ratios do not
provide the information to decide which of the solutions
is correct.

C. Effects of nonzero 63

If our assumption about the exact tribimaximal neutrino
mixing should not be valid, the form of previously obtained

PHYSICAL REVIEW D 77, 115023 (2008)

solutions would also be changed. However, the results and
methodology would generally remain the same. Hopefully
new upcoming neutrino oscillation experiments will mea-
sure the mixing angles with improved precision in the near
future [43]. Small changes in 0,5 or 6, would not affect
the structure of the found solutions, and we would only
need to substitute different values for the mixing angles.
Qualitative changes in the analytical expressions appear if
615 is taken to be nonvanishing. This influences the struc-
ture of the solutions and makes the CP-violating angle & a
physically measurable quantity. We note, however, that,
due to the smallness of sinf3, the effect of 6,53 and 6 would
enter to the branching ratios as a small correction, and
extremely precise measurements would be required to
detect it. The goal of this section is to analyze the effect
of nonzero 6,3 to the previously found solutions for
Majorana phases and neutrino masses.

In the following we have still assumed 65 to be a small
parameter and considered only the leading terms in the
expansion with respect to it. We can find the lowest neu-
trino mass from the same equation as for 63 = 0 (see
Eq. (14)), only the measured parameter C; is replaced by
C'. The calculation of parameter C| involves more decay
channels than C; as the relations BR,, = BR,, and
BR,, = BR,; no longer hold:

, _ 2BR,,, +2BR,, +2BR,, —
! 2BR,, + BR,, + BR,,
—m3 + m} + 3m}

= 2m2 n m2 + O(Sin2613). (27)
1 2

2BR,,

Similarly the determination of Majorana phases has ex-
actly the same structure as earlier. Aa can be determined
uniquely and two possible sets of solutions are found for
oy and @, when we attempt to determine the absolute
values of Majorana phases. All solutions remain valid for
6813 =0 and can be used for calculations in case 63
remains to be unknown.

In conclusion, assuming small but nonzero 65 does not
significantly complicate the determination of neutrino pa-
rameters at colliders. The solutions would only be more
complex and involve more decay channels. There is a
theoretical possibility to find solutions also for 6,3 and 6,
but such solutions are very sensitive to experimental errors
and, in practice, cannot be used at the LHC.

D. Estimation of the impact of experimental
uncertainties

In this section we consider the effects of experimental
uncertainties to the determination of ®*= leptonic branch-
ing ratios at colliders and, consequently, to the determina-
tion of neutrino parameters in collider experiments. The
sources of the uncertainties under consideration are

(1) Statistical errors that are relevant for a small number

of reconstructed events. In this case the number of
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events observed in particle colliders follows the
Poisson statistics with theoretically expected aver-
age number of events as a mean value.

(i1) Random measurement errors that dominate in the
case of large statistical samples and result from the
errors in the measurements of particle energies and
momentas in the detector and in the event recon-
struction. Those errors vary greatly for different
decay channels and their values are strongly experi-
ment and detector specific.

(iii) Systematical measurement errors in the measure-
ments of particle parameters and event
reconstruction.

For the numerical simulation of experimental uncertain-
ties we have first modified the theoretically expected num-
ber of doubly charged Higgs production events Ne°" with
the Poisson distribution, then calculated and normalized
the corresponding branching ratios and finally modified
them with Gaussian distortion functions to account for
random measurement errors. Possible systematical errors
have been neglected. Note that for &= pair production
each detected event comprises two doubly charged Higgs
decays and Ntheor = 2 yevents,

In reality the measurement errors are different for differ-
ent decay channels and their values depend on the specific
detector. As full detector-specific error analysis is out of
the scope of this paper, we have used uniform uncertainties
for all branching ratios for the rough estimation of the
effect. In particular, we have assumed Gaussian distortion
functions with opg = 0.1BR{***", where BR{***" is the
theoretically expected branching ratio into the correspond-
ing decay channel and i, j = e, u, 7. Finally we have run
the simulation with randomly distorted branching ratios for
50000 times, calculating each time the neutrino parameter

Distribution of parameter C, 1000 ®** decays

PHYSICAL REVIEW D 77, 115023 (2008)

of interest. As a result we get the distribution function of
particular neutrino parameter which measures the stability
of previously found analytical solutions.

1. Mass hierarchy determination

We remind that the neutrino mass hierarchy is identified
by the parameter C, defined in Eq. (14), as follows: C; >
1 corresponds to the normal hierarchy, C; <1 to the
inverted hierarchy, and C; = 1 to the nearly degenerate
mass spectrum. In general, if the lowest neutrino mass is
close to zero, the mass hierarchy is very well determined.
When the mass increases, the distribution of branching
ratios is reaching the nearly degenerate limit and the
mass hierarchy or sign(Am,,,) is increasingly more diffi-
cult to measure.

As an example we have analyzed the behavior of C; for
three different cases: the normal hierarchy for my =
0.02 eV, the inverted hierarchy for my, = 0.02 eV, and
the nearly degenerate limit for my, = 0.2 eV. The results
are presented in Fig. 6 which shows the simulated experi-
mental distribution of C; for two cases with different
statistical samples of events. Those imply the following
1o errors.

(1) Normal hierarchy (mg = 0.02 eV)

(a) 1000 ®*=* decays: C; = 6.6 = 1.1 > 1,

(b) 100 ®== decays: C; = 6.6 = 2.1 > 1.

(2) Degenerate limit (mg = 0.2 eV)

(a) 1000 ®** decays: C; = 1.0 = 0.3,

(b) 100 ®=* decays: C; = 1.0 = 0.5.

(3) Inverted hierarchy (mqy = 0.02 eV)

(a) 1000 ®** decays: C; = 0.06 + 0.15 < 1,

(b) 100 ®== decays: C; = 0.06 = 0.28 < 1.

The results show that sufficiently good hierarchy detec-
tion accuracy is achieved for small lightest neutrino masses

’ Distribution of parameter C, 100 ®** decays
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FIG. 6 (color online).

1

Simulated distributions of the parameter C; due to experimental errors for statistical samples of 1000 and 100

®=* decays in the left and right panel, respectively. We have assumed ogg = 0. IBR?J‘»‘“’r for the branching ratio measurement errors.
The solid line represents the inverted hierarchy with mg = 0.02 eV, the dot-dashed line the degenerate spectrum with my = 0.2 eV,

and the dashed line the normal hierarchy with my = 0.02 eV.
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in both the normal and the inverted hierarchy cases. The
accuracy decreases when the mass m, increases and C; —
1. Such tendency can be understood by comparing the
normal and the inverted hierarchy plots in Fig. 1 where
the distribution of branching ratios clearly differs for small
mass values and becomes very similar to each other when
the mass is increased. Figure 6 shows that the normal
hierarchy is very well determined by the parameter C,
even for small statistics, while at 3¢ level the inverted
hierarchy can be confused with the degenerate mass spec-
trum for small statistics. The main factor that clearly dis-
tinguishes the normal mass hierarchy with small m is the
negligible value of BR,, that can not occur for the inverted
or degenerate spectra.

2. my measurement

After the neutrino mass hierarchy has been determined,
we can use either Eq. (15) (for the normal hierarchy) or
Eq. (16) (for the inverted hierarchy) to estimate the value of
the lowest neutrino mass. In the following we analyze the
achievable precision for these parameters. Again, for small
values of m, the measurement precision is sufficiently high
and decreases when m approaches the degenerate values.

As already verified by the hierarchy determination ac-
curacy, the normal hierarchy provides a distinguishable
signature and could thus be easily identified, while the
inverted hierarchy can be confused with the degenerate
spectrum. Such a tendency is also notable in the measure-
ment of lowest neutrino mass. For the normal hierarchy not
only hierarchy but also the actual value of the lowest
neutrino mass can be measured with relatively good pre-
cision. Turning back to our earlier example we assume the
true value of the lowest neutrino mass to be m; = 0.02 eV,
OpRr = O.lBR}?""’r to be the branching ratio measurement
errors at collider experiments, and find that the 10 experi-
mental errors for the lightest neutrino masses are om; =
2:-103eV and m; =5-1073 eV for the statistical
samples of 1000 and 100 ®*= decays, respectively. In
order to measure m; from Eq. (16) for the inverted mass
hierarchy with comparable precision, a very good statisti-
cal basis (more than 5000 events) and the measurement
errors smaller than ogr = O.O]BR?]‘-eor are required. The
data of such quality would not be obtainable from the LHC
experiments but only from the future colliders (possibly
ILC).

3. Measurement of Majorana phases

Determination of Majorana phases is discussed in detail
in Sec. III B. It depends on the neutrino mass hierarchy. For
the normal mass hierarchy with small m, it is very difficult
to estimate the Majorana phases with realistic measure-
ment errors. This is due to the fact that the only observable
a, does not significantly influence the distribution of
branching ratios (see Fig. 2). To the contrary, for the
degenerate spectrum or inverted hierarchy the Majorana

PHYSICAL REVIEW D 77, 115023 (2008)

phases strongly influence the distribution of branching
ratios which, in principle, can be measured in realistic
experimental conditions. As an example we estimate the
measurement error for A for the inverted hierarchy. As
we have shown earlier in Eq. (20), to high accuracy such a
calculation does not depend on the value of m3. We find
that the 1o errors for Aa are 0.067r and 0.03 7 for 100 and
1000 ®** decays, respectively. Similar precision is
achieved assuming the degenerate spectrum. This result
is general and does not depend considerably on the par-
ticular value of Aa.

Full detector-specific analysis for the measurement er-
rors of branching ratios requires separate analyses. The
error estimations that are found in this section are only
approximate, but still emphasize the promising nature of
our method for determining neutrino parameters in particle
collider experiments.

IV. DETERMINATION OF TRIPLET HIGGS VEV

In our scenario the neutrino mass matrix is directly
related to the doubly charged Higgs leptonic branching
fractions according to Eq. (3), and the overall normaliza-
tion factor is the triplet Higgs VEV vg. Therefore, one
needs additional experimental measurements for determi-
nation of v, and thus the entire low energy neutrino mass
matrix. Those measurements can come either from collider
physics, from the low energy neutrino mass measurements,
or from cosmology.

Let us first assume that vy is large enough to imply,
according to Eq. (5), observable fraction of the decays
®** — WH*WT, and the collider experiments are sensitive
enough to measure not just the branching fractions but also
the partial widths of the triplet, namely, I';; and I'yy. The
latter may not be possible at LHC but could be possible at
ILC experiments [45] if the collision energy is sufficient
for the ®** production. In such a case one gets from
Eq. (4) and (5),

BR, I, Ty N _ [TyBRyy
= = 5 Vp = 4| ——
BRWW FWW kvq, kBR”
— ’FtotP;CRWW’ (28)

and the determination of v from collider experiments is
possible.

If the collider experiments are not able to measure the
partial widths of the triplet, one needs additional informa-
tion on the neutrino mass matrix. Assuming that the
branching ratio to WW channel is measured at any accel-
erator experiment and |(m,),,| is probed from O0vB8 ex-
periment one gets

BRee Fee 1 |(mv)ee|2m<bii

= = N1
BRWW FWW 327 kvfb ( )
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Now v¢ can be directly found as

Va = ('(mv)ee|2m¢)++BRWW>l/4
® 327kBR,, '

(30)

Finally, if v, is too small to imply observable ® — WW
decay rates at colliders, one has to rely entirely on leptonic
data. If one of the leptonic Yukawa couplings is directly
measured in the accelerator experiments and |(m,),,| is
probed from the Ov 38 experiments, one is able to derive
the VEV from data. As the simplest example, when I',, is
measured, perhaps from the resonance at e e~ collider
[46], the VEV can be directly found from

|(n/lv)ee|2n1(l)ii
=4 — 1
Vo =" 3T D

As shown, direct measurement of the VEV is possible.
However it does require additional information which
cannot be obtained from the LHC alone. Should the
OvBpB yield positive results or some of the triplet
Yukawa coupling be measured at ILC, we can also give
estimates on the magnitude of the VEV of the Higgs triplet.

r = |(mv)ee|2m®ir
ee 2
327rvy,

V. CONCLUSIONS

The main motivation for the present paper is to study
how to test the TeV scale triplet Higgs neutrino mass
mechanism directly at collider experiments. From the col-
lider physics point of view this mechanism has several
advantages over the singlet neutrino mass mechanism. As
the triplet has gauge quantum numbers, its production at
colliders is limited only by the mass reach not by tiny
Yukawa couplings as is the case for singlets. Thus several
hundred of those particles can be produced at LHC and
ILC experiments.

The branching ratios of doubly charged Higgs decays to
two same-charged leptons directly probe the corresponding
element of the neutrino mass matrix. This allows us to
study what one can learn about the light neutrino parame-
ters from collider experiments. We have shown that the
neutrino mass ordering, the lightest neutrino mass, and the
Majorana phases can be measured at colliders by just
counting the lepton flavors. We emphasize that those are
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exactly these neutrino parameters which present neutrino
oscillation experiments are not sensitive to. Therefore
collider tests of the neutrino mass mechanism may provide
a major breakthrough in neutrino physics.

We find that there are some flavor combinations of the
doubly charged Higgs decay products which definitely
point towards certain solutions. For example, should
LHC see only doubly charged Higgs decays to muons
and taus, light neutrinos must have strong normal hier-
archy, and the lightest neutrino mass can be measured. In
particular, the observation or nonobservation of ee final
states is a clear discriminator between the mass hierarchies.
Similarly, in the optimistic scenarios discussed in Sec. III,
one can estimate the magnitude of the Majorana phase(s)
of light neutrinos. In less clear cases, however, the experi-
mental errors of the collider experiments may jeopardize
the neutrino parameter measurements and no definite con-
clusion can be drawn.

We have also shown that one can actually fully deter-
mine the light neutrino mass matrix from collider experi-
ments and/or from the measurement of neutrinoless double
beta decay parameters. This requires determination of the
triplet Higgs partial widths to leptons and to gauge bosons
which could be possible at ILC experiments if the collision
energy allows its production. If the triplet Higgs turns out
to be light enough to be produced at colliders, neutrino
physics may get an unexpected contribution from collider
experiments.
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ABSTRACT

Standard Model, which describes the strong, weak and electromagnetic force has been in
very good accordance with the experimental results. The parts which have shown contradic-
tory results involve the mass of particles. In SM the mass of all particles is generated through
interactions with the Higgs field, which is mediated by the Higgs boson which so far has not
been observed. In the neutrino sector the discovery of non-zero neutrino masses as well as
definite mixing between the mass and flavor states is a clear indication of physics beyond the
SM. The model we use to extend the SM is based on the addition of a scalar triplet which
has interactions with the electroweak and lepton sector of SM. The triplet contains neutral,
singly charged and doubly charged components. Through the interaction with this scalar field
the neutrinos obtain a non-zero mass and as the interaction strength between the field and
neutrinos is also the same for the field and charged leptons, we can use these relations to give
estimates on the model parameters.

The main topic of this thesis is the application of the above mentioned model in HEP
experiments. The first application is the prediction of experimental signatures to confirm the
validity of this model. In this thesis we give predictions on the possible experimental signatures
through the relations that exist between the neutrino sector and the scalar triplet. The best
possible signature in current and future experiments is the doubly charged component which
provides a channel with very small contamination from similar SM backgrounds. Taking into
account the current results in neutrino experiments we can also estimate the actual final state
statistics and hence provide better search strategies.

Once the scalar triplet has been found and the respective experimental statistics have been
measured we can reverse the process and use these results to give in turn predictions and
more precise measurements of the various parameters in the neutrino sector including some
parameters which have not been observable so far like the Majorana phases. If additional
measurements are done for example at neutrinoless double beta decay experiments, then the
full model parameters could be measured.

The search algorithms as well as the utilization of connection between ®** and neutrino
mixing matrix to estimate the ®** branching ratios as well as the use of the actual experi-
mentally measured ratios to estimate the neutrino sector parameters are the original work of

the author and further described in the attached three articles.
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RESUMEE

Standardmudel (SM), mis kirjeldab elektromagneetilist, norka ja tugevat interaktsiooni,
on praegu kehtivatest teooriatest koige edukam. Lisaks sisaldab antud teooria Higgsi vilja,
mis voimaldab 14bi siimmeetria spontaanse lagunemise seletada osakeste massi. SM teoo-
ria el seleta aga viimaste eksperimentide poolt kinnitust leidnud neutriinode nullist erinevat
seisumassi. On vaja uusi teooriaid ning nendest iiks lihtsamaid on SM tédiendamine skalaarse
tripletiga. Antud triplett on oma olemuselt sarnane SM-i Higgsi dupletiga, andes osakestele
massi, kuid kuna ta omab vastasmoju vaid leptonite ja elektronorga sektoriga, on tulemuseks
neutriinode masside muutumine SM-i suhtes.

Kaesoleva t66 eesmérk on kirjeldada kahekordselt laetud Higgsi bosoni otsimise metoodikat
korge energiaga kiirendi eksperimentide juures. Samuti on kirjeldatud voimalikke 16ppolekuid
ning nende omavahelisi suhteid kasutades neutriino sektori teadaolevaid parameetreid ldbi
skalaarvilja suhte leptonitega. Teades, millised on voimalikud lagunemise 16ppolekud, on
voimalik suurendada eksperimentide efektiivsust ning seelébi avastamise toendosust.

Kui ménes kiirendi eksperimendis onnestub leida ®** ning méiirata tema loppolekute
statistika, siis saame panna lisakitsendusi neutriinosektori tundmatutele parameetritele. Liht-
saimal juhul on voimalik ma&rata neutriino masside hierarhia, kergeima neutriino mass ning
juba suurema koguse ja tdpsemate tulemuste olemasolul ka potentsiaalselt Majoraana faasid
ning kontrollida mudeli eelduste kehtimist #13 nurga kaudse méaramise kaudu.

Kui on olemas piisav kogus statistikat ning lisaks leptonilistele lagunemistele onnestub
moota ka neutriinota topelt beeta lagunemisest elektron-neutriino mass, siis on voéimalik
maarata ka viimane tundmatu parameeter tripleti mudelis, tema vaakum-keskvaartus.

Antud t66s kirjeldatud ®** otsimise algoritmid ja neutriino massidega seoste kasutamine
nii ®** lagunemiste ennustamiseks kui eksperimentaalselt moddetavate lagunemiste kaudu
neutriino parameetrite méaramine on originaalne autori t66 ning pikemalt lahti seletatud

to0ga kaasas olevas kolmes artiklis.
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