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Zusammenfassung

Durch die Messung des Flusses solarer Neutrinos auf der Erde sowie durch Experi-
mente zu atmosphérischen und in Kernreaktoren erzeugten Neutrinos, wurde das
Phénomen der Flavor-Oszillation von Neutrinos entdeckt. Diese lassen sich nur
erkldren, wenn Neutrinos unterschiedliche Flavor- und Massen-Eigenzustéinde be-
sitzen. Daraus folgt auch, dass sie nichtentartete endliche Massen besitzen miissen,
die jedoch sehr klein sind. Die geringe Grofle dieser Massen lésst sich mit Hilfe des
Seesaw-Mechanismus beschreiben. Erweiterungen des Seesaw-Mechanismus haben
phénomenologische Eigenschaften, die — im Gegensatz zum gewchnlichen Seesaw-
Mechanismus — mit Experimenten an der TeV-Skala, wie etwa dem Large Hadron
Collider am CERN, getestet werden konnen. Eine weitere gut motivierte Theorie
jenseits des Standard Modells der Teilchenphysik ist die Supersymmetrie. In dieser
Arbeit soll daher die Moglichkeit erweiterter Seesaw-Szenarien in supersymmetri-
schen Modellen untersucht werden. Nach einer Einfiihrung in die Grundlagen der
Neutrinophysik, effektiver Operatoren und der Supersymmetrie, werden daher die
Bedingungen fiir derartige Modelle und ihre Eigenschaften diskutiert, sowie un-
terschiedliche Beispiele vorgestellt. Anhand eines Modells mit neutralen Fermion-
Singlets und geladenen Fermion-Doublets als Mediatoren wird exemplarisch die
Moglichkeit der Reproduktion der Flavor-Struktur der leichten Neutrinos gezeigt.
Abschlieflend ist untersucht worden, welche phénomenologischen Eigenschaften
dieses Modell im Hinblick auf einen experimentellen Nachweis hat.
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1 Introduction

Neutrinos have been considered massless for a long time. But when the flux of
solar neutrinos arriving at Earth was measured in experiments, only a fraction
of the predicted value was observed [1, 2]. Assuming that the models of the Sun
are reliable, where did the missing neutrinos go? Other experiments concerning
atmospheric neutrinos [3] and neutrinos from nuclear reactors [4] were confronted
with similar issues.

An answer to this question is given by the phenomenon of flavor oscillations. If
some of the electron neutrinos produced in solar fusion processes change into other
flavors, not all of them can be detected at the Earth. More recent experiments,
which are sensitive to all three flavors using neutral currents [5], have shown
indeed, that the total neutrino flux is in agreement with solar models (for a review
see, e.g., Ref. [6]). The requirement for neutrino oscillations is that their mass
eigenstates are distinct from their flavor states. Furthermore they must have non
zero masses which are non degenerate. This on the other hand raises the question,
why the observed neutrino masses are so small. Since a description is difficult in
the framework of the Standard Model, this points to new physics. A possible
explanation is the so called seesaw mechanism, but it sets the new physics scale at
the scale of grand unified theories (GUT) (10" GeV), which is not testable with
current experiments. One of various possibilities to lower this scale are extended
seesaw scenarios, involving higher-dimensional effective operators [7, 8, 9, 10, 11].

Other indications for physics beyond the Standard Model, such as the hierarchy
problem, which is the problem of the small Higgs mass, or the unification of gauge
couplings, support the existence of a symmetry between fermions and bosons. This
supersymmetry (SUSY) can solve those problems, but it cannot easily describe
neutrino physics.

Therefore it is the objective of this thesis, to study the possible realization of
extended seesaw scenarios in a supersymmetric framework. In Chapter 2 we will
give an introduction to the basic aspects of neutrino physics and phenomenology.
The seesaw mechanism and more complex theories about the generation of neu-
trino masses are best understood in the framework of effective theories. Hence
their aspects, including higher-dimensional effective operators, are described in
the following Chapter. As supersymmetry is important for our approach, its prin-
ciples are outlined in Chapter 4. After this introductory part, we will discuss
the possible realization of extended seesaw scenarios in SUSY. An example of
a possible decomposition of an dimension seven effective operator will be stud-
ied thereafter. Finally, some phenomenological considerations in regard to this
example are presented, which concern the theoretical verifyability of our model.
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2 Neutrino Physics

Neutrino Physics is one of the currently most interesting topics in physics, since
it points to physics beyond the SM (see e.g. Ref. [12] for a recent review). Here
we will present an overview of its theoretical aspects.

2.1 Flavor oscillations

Neutrinos exist as three different flavor states |v,) (o = e, i, 7) and three distinct
mass eigenstates |v;) (i = 1,2,3). It is common to use Greek indices for flavor
states and Latin ones for mass eigenstates. Hence we can define a unitary flavor
mixing matrix U in a flavor diagonal basis, so that

k) = UkalVa) and Vo) = Uojk1|1/k> , (2.1)

if the lepton Yukawa coupling Y, is diagonal. It is also known as PONTECORVO-
MAKI-NAKAGAWA-SAKATA or PMNS matrix.
The time evolution of the mass eigenstates is given by

v (1)) = exp(—iExt)|vg) - (2.2)
The vacuum transition Amplitude therefore reads
Aamp = (vslva(t)) = (ilUsUgy [vi()) = Uz Un exp(—iExt) . (2.3)
The transition probability is accordingly
P.s = |Aa—pl® = U UpsU,' Ug exp [-i(Ey — ENt] . (2.4)

Because of their small mass, neutrinos can be considered ultra-relativistic (£ >
m). Therefore the approximation

/—2 mz

can be used, which means Eq. (2.4) becomes

Am?2 L Am?2 L
_ _ af .. 2 kl af .. 2 kl
P,3 = 6ap —4Re J,|" sin (—2E ) +2Im J,,” sin <—2E ) , (2.6)

where J;” = U 'UsUy Uys and Am2, = m? —m?2. The last term is only non-zero
if CP symmetry is violated. Note that the physical observables (at a given energy)
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Parameter ‘ Best-fit value

Am2,/107° eV? 7651528

Am2 /1073eV? | 240101

sin 15 0.30410:022
sin2 823 0501_88(73
sin? 03 0.01790;8

Table 2.1: Experimental best-fit values for neutrino oscillation data. The errors
are the 1o interval. Taken from Ref. [13].

depend only on the differences of the squared masses. The current best-fit values
are shown in Tab. 2.1. There are two possible hierarchies for the neutrino mass
spectrum, the normal hierarchy, where m; < mq < mg, and the inverted hierarchy;,
where ms < my < ma.

The mixing matrix can be parameterized as

1 0 0 C13 0 813615013 C12 S12 0
U'l=10 co3 593 0 1 0 —819 ¢ 0 (2.7)
0 —s93 Co3 —Slgeiiécp 0 C13 0 0 1

where s;; = sinf;;, ¢;; = cosf;;. dcp is a CP phase. The mixing angles are
parameters. Their best-fit values are also listed in Tab. 2.1. 6;3 must be very
small or even zero. Future experiments will show, whether a non-zero value can
be verified. The other two angles are much larger. We might even have maximal
mixing between v, and v, since o3 = 7/4 is in good accordance with experimental
limits. The 3¢ interval for sin 65, however, is 0.25 — 0.37 [13] so that maximal
mixing is unlikely in this case.

In the case of tri-bimaximal mixing [14] we have sin® 0y, = 1/3, sin? o3 = 1/2
and sin?#;3 = 0, which is in accordance with the mentioned boundaries. The
according mixing matrix reads

2 1 0

g | VD (2.8)
o '
V6 V3 V2

This mixing pattern might be generated by some fundamental symmetries. It will
have to be tested in future experiments to what precision this flavor structure is
realized in nature.

2.2 Seesaw mechanism

The principle of the seesaw mechanism can be understood by looking at the neu-
trino mass matrix.



2.2 Seesaw mechanism

One has to assume that besides the usual left handed (LH) neutrinos vy, there
are right handed (RH) neutrinos vg, which are not strictly forbidden by the SM.
Therefore one can construct a Dirac mass term for neutrinos,

D . _
L s = MpVryL + h.c.

1 _
=5 (mD@VL + mDuzyf%) +h.c. (2.9)

Since neutrinos have zero electric charge, in general also Majorana mass terms are
possible,

| —

L,k :§mLyzl/L +h.c., (2.10a)
J E— 1

L =5MAVRYR +hic. = SmpVRY; + hic. (2.10D)

A left handed vector n; can be defined, that contains the neutrino fields,

ng = (ZL) . onS=(% R). (2.11)

R
Now one can introduce a mass matrix M, so that

1
‘Cmass :‘cD + ‘CL + ‘CR = —TLEMTLL ’ (212)

mass mass mass 2

where
(ML Mmp
M= <mg mR) (2.13)
in the most general case. The positive mass eigenstates for this matrix are

1

3 (mL +mp =+ \/(mL —mpg)? + 4m%)

In the seesaw scenario the RH neutrino fields vg = Npi are assumed to be fields
with a heavy mass, whereas mp is of the electroweak scale. Therefore mp < mg.
Since vy possesses non-zero isospin and hypercharge, the LH Majorana term is
forbidden by the SM gauge symmetries, hence m; = 0. This means in a funda-
mental theory that respects the SM symmetries one obtains the mass eigenstates

miyo = (214)

2
my A @, (2.15a)
mpg

As a consequence, one has a neutrino at a mass scale Ay = mpg of new physics
and a very light neutrino, the mass of which is suppressed by mp/Ay. To explain
the low experimental upper limit for the neutrino mass, the new mass scale has
to be close to the GUT scale.
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Figure 2.1: The three types of seesaw mechanism. H denotes the Higgs field, L
the left handed lepton SU(2) doublet containing the SM neutrinos and Ng, A and
Y are the respective heavy mediators. The coupling constants Y are similar to the
Yukawa couplings of the SM.

2.3 The three types of seesaw mechanism

There are only three different realizations of the seesaw mechanism at tree level
[15], which are shown in Fig. 2.1. The existence of these three types is explained
by the fact that two doublets can be decomposed into a triplet and a singlet
(2®2=3@®1). (This is an analogy to the addition of two spin 1/2 particles.)
Hence the left handed leptons and the Higgs doublet of the SM can couple to a
triplet and a singlet.

If the heavy particle is a scalar, a pair of Higgs doublets appear at the same
vertex in the Feynman graph (Fig. 2.1). Since these are scalar boson fields, they
have to be in a symmetric state, which the triplet is but not the singlet. Hence a
coupling to a singlet scalar is prohibited. The same constraint can also be deduced
from the lepton vertex. The combination v;e; — e;v; would be an isospin singlet,
but solely the triplet state v;1/; can generate an effective neutrino mass.

Type 1

The first type of the seesaw mechanism couples the lepton and the Higgs fields
via the exchange of a heavy virtual fermion Ng, which is a singlet under all SM
gauge groups [16, 17, 18, 19].

Type 11

By replacing the fermion SU(2) singlet by a scalar SU(2) triplet A, one obtains the
second type of the seesaw mechanism. Furthermore the topology of the Feynman
graph changes, because a vertex involving leptons always must have two fermion
lines to obtain a Lagrangian of an integer dimension [20, 21].

Type III
The third type is nearly the same as the first one, except for the replacement of
the fermion SU(2)-singlet by a fermion SU(2)-triplet [22, 23].

In the following we will discuss the structure of these three realizations of the
seesaw mechanism (see also Ref. [24]).



2.3 The three types of seesaw mechanism

2.3.1 Type I: Fermion singlet

In type I the left-handed lepton fields couple to the right handed heavy fermion
singlet fields. They also have to couple to the Higgs field, which gives the neutrinos
their mass after electroweak symmetry breaking. Furthermore there have to be
terms that describe the dynamics of the heavy fields. Therefore the Lagrangian
L= LM+ LN reads:

I 1—— _ o~
LN = iNgdNg — 5 NeMyNE + L HYINg +he.| | (2.16)

where H = iToH* and the notation g = Pryp = (1 — 75)1 is used. Due to this
additional interaction, the Yukawa couplings of the leptons,

LiHY.ep+ Ly HY Ng +h.c. (2.17)
are now formally equivalent to those of the quarks,
GLHYdp + gL HY  up + hec. (2.18)

The total weak hypercharge Y of the new terms has to be zero.! Since L; has
hypercharge —1/2 and H has +1/2, the hypercharge of the conjugated fields is
Y(Ly) = +1/2 and Y (H) = —1/2. Therefore the heavy fields have Y (Ng) = 0.

To check the electromagnetic charge, one has to sum over the SU(2) components
of the doublets,

Ly HNg = HyNg — e H Ng, (2.19)

where H = ( [é‘} ) =inH" =in (ng) . Since Q(Ng) = 0 the total charge is
—11 0

Zero.

2.3.2 Type II: Scalar Triplet

The Lagrangian for the type Il seesaw contains the additional terms
LOWNE Ty (7 ALy + uaHN(F - A)TH + hee, (2.20)

T —TJCim — (—e€ €
where Ly, = Lim = (—e§ V5).

Since L and also IAJ; have hypercharge —1/2, the scalar A must have hyper-
charge +1.

IThe Definition Q = T3 + Y is used, where Q is the electromagnetic charge and T3 is the
third component of the weak isospin. One finds also often the definition Q = T3+ % in literature.
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The electromagnetic charge states can be obtained from the couplings to the
leptons.

Li(7 - A)Ly = (=€ v}) <A1 +32'A2 1—As 2) <€i)

= —eSAzvp — €5 (A1 —ilg)er + V5 (A + 1As)v — Vi Agey,
(2.21)

Since ey, and € have charge —1 and vy, and v§ have no charge, the charged states
read:

A+ = %(Al L), At=A,, A= (A 4iAy). (222)

[\]

The minimal Lagrangian is

t5h (BE) w0 (1) (B18) + 2 (B77F) 4 o, (B17°F) HTHH},
(2.23)
where
00 0 0 0 i 0 —i 0
Ti=[00 «i|, Bo={0 00], Ty=|i 0 0). (224
0 i 0 —i 0 0 0 0 0

The quartic couplings, As and A4, can be neglected, since the heavy fields appear
only as virtual particles at low energies and therefore quartic couplings have to
be considered only at higher orders of perturbation. The remaining terms with Az
and A5 give corrections to the heavy scalar mass after the electroweak symmetry
breaking.

2.3.3 Type III: Fermion triplet

The type III seesaw mechanism is obtained by replacing the fermion singlet of
type I with a triplet, so that

1=

Ly=iSpPSp— D wMs Sy + 3 pYo(HI T L) + hee| . (2.25)

The heavy triplet bl r has hypercharge zero. The electromagnetic charge states
are
X1 F X
ol
A more detailed description of the seesaw mechanism can be given in the frame-
work of effective theories, which will be explained in the next chapter.

it = Yo =25, (2.26)



3 Effective Operators

Physics at high energy scales can also affect the phenomenology at much lower
scales. In this case it is not necessary to have a detailed understanding of the
fundamental theory, but instead one can use an effective theory as a good approx-
imation.

3.1 Effective theories in general

Assume a fundamental theory containing heavy fields with masses at a high energy
scale A. At energies below this mass scale, these particles cannot be directly
observed. In scattering processes, however, they appear off-shell as virtual states.

Technically spoken, one can expand the propagator of the heavy field, since the
mass is much larger than the kinetic energy. For fermions this means

1 1 d
S, T 3.1
VA VA VeI (3:1)

Since Feynman graphs with several propagators of the heavy particles are pos-
sible, one obtains a tower of effective operators, which have to be added to the
SM Lagrangian:

1 1 1
Lo = Loy + L7+ 5L+ =

=7
x e L4 (3.2)

For each propagator involved, one gets a suppression factor ﬁ ~ %

Heavy fields at a mass scale M, like those in the seesaw mechanism, can be
integrated out to obtain an effective theory, which is valid for energies £ < M
and which only contains the low energy fields. A well known example is the Fermi
interaction. It is an effective theory for the weak interaction without W- and
Z-bosons. Therefore it is only viable at energies E < my ~ 102 GeV.

For example' the weak decay process ¢ — sud has the tree-level amplitude

2 N2

M = =2V Va5, (1 — y5)c

3 5y, (1 —5)d, (3.3)

2 _
k miy

!The example has been taken from Ref. [25].
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Figure 3.1: Fermi theory of weak interaction. The QFD Feynman graphs are
replaced by effective four-vertices.

where V' is the CKM matrix and g is the coupling constant of the weak interaction.
After the expansion of the propagator it becomes

GF rerr .
Megr = —=VeVauas7u(1 — y5)cg" iy (1 — y5)d (3.4)
V2
where the Fermi constant G is an effective coupling, obtained as % = 87791222 )
w.

and is suppressed by the weak scale Ayeax ~ my. Fig. 3.1 shows how the weak
interaction is replaced by an effective 4-vertex.

The expansion of the propagator gives us only an effective interaction. We
want, however, to obtain the complete effective Lagrangian and not just single
interactions. This will be discussed in the following sections.

3.2 Effective Action

The effective theory can be calculated in the path integral formalism?. In the
simple case of a scalar field H path integrals have the form

/ DH ¥ = / DH ¢/ 1@l (3.5)

where S[H] is the action depending on the configuration of H, and DH is the
integration measure.
If an additional heavy scalar field ¢ appears, one obtains

/ DHDg 5] (3.6)

Since the heavy fields do not appear explicitly at low energies, one can separate
the low energy (LE) and high energy (HE) sector and obtains

/ DH ¢Suel] / D¢ ¢'SurldH] (3.7)

2For more details on path integrals and effective field theory see for example Ref. [26],
Sec. 5 of Ref. [25] or Ref. [27].

10



3.2 Effective Action

This can be rewritten as

/ DH ¢ Senlt] (3.8)

where eeilf] = eiSLelt] [Dg etSueldHl With S.q[H] = [ d*xLeg(H) one has now
obtained an effective Lagrangian which depends only on the light field.

This procedure can now be adapted to more sophisticated scenarios [28]. In the
type I seesaw an effective action Seg is obtained by separating the terms involving
the heavy fermion fields and their interactions Sy and the ones involving the SM
interactions and fields Sgy,

oiSeft — / DNDNe = v / DNDNe™N | (3.9)

where N is the heavy field and DN is the integration measure.
Sy = Sy[N] can be expanded around the stationary configuration Ny, so that

SN = / DNDNiSVIN]
= /DNDNei(SN[NO]+6SN[No]+5QSN[NO}+A..)

_ eiSN[No] /IDNDNeitsQSN[NO]+"'
~ etIn ol (3.10)

where

(3.11)

This order has to be zero due to the requirement of stationarity. The higher orders
contain higher powers of the couplings of the fields. Since (in the full theory) the
heavy fields are only virtual states at low energies, these terms do not appear at
tree level. Hence they can be perturbatively neglected. Therefore the effective
action reads

Seff = /d4$ Leg = Ssm + Sy[No] = /d4ZE (Lsm + Ln(No)) - (3.12)
The stationary fields are defined by the condition
oL oL
=0 —| =o. (3.13)
ON; Noi ON; Noi

Inserting the stationary fields in Sy[No| leads to the effective Lagrangian

Log = Lsv + EN(NO) = Lgv + SLA=D 4 6L0 4 ... (3.14)

11
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For d = 5 there is only one possible operator, which is the WEINBERG operator
[29]

1 o~ o~
6L = Eci?(LCLaH*)(HT Lis) +he., (3.15)

where the coefficient matrix ¢Z3° is of O(1/M). After electroweak symmetry
breaking this term becomes a Majorana mass term of O(v?/M) by inserting the
Higgs VEV (vacuum expectation value). This term is at the scale of neutrino
masses if M is close to the GUT scale, assuming that the Yukawa couplings are
of O(1).

Eq. (3.13) can also be interpreted from another point of view: Since the mass
terms are much larger than the kinetic terms of the heavy fields, the kinetic terms
can be neglected. This procedure can be outlined as follows:

By integrating out heavy fields, integrals of the form

/DNDNeifd4I(%ND1N+JN) X e%jDJ (316)
appear, where N; are the heavy fields, J contains the low energy fields to which

the latter couple and D is the propagator,

1

DZ@—M

D'=@J-M. (3.17)

This means, that the expansion of the propagator

1 1
N (3.18)

D: ~
d—M M

equals neglecting the kinetic terms of the Lagrangian
D'=(@-M)~-M++---, (3.19)
which means for 6.5 = 0 we can use the equations of motion, which become

o, 0L 0L _, 0L

20N aN ) T an 7Y (3:20)

3.3 Effective operators for the seesaw
mechanism

We will now derive the effective operators for the three types of the seesaw mech-
anism by integrating out the heavy mediators [28, 24].

12



3.3 Effective operators for the seesaw mechanism

3.3.1 Type I seesaw

The Lagrangain for the heavy fermion singlets reads
— -~ 11—
Ly = iNgdNg — LoHY} Ng — 5 NeMyNp + hec. (3.21)

The covariant derivative D, can be replaced by 0, since as SM singlets the
heavy fermions do not interact with the gauge fields. The complex eigenvalues of
the Majorana mass matrix can be expressed as M; = e M;| = ni|M;|, where n; is
a phase. Working in a real and diagonal basis of M one can define

Ni = €i9¢/2NRi + 671’01/2]\7]%1-
AN+ /TN 3.2)

so that N; = Nf, which are the Majorana mass eigenstates. Eq. (3.21) can then
be rewritten as

7

(L HY7 + Lt 0 Y /| N

e S

-5 [WYVT H Lo+ Y i LL] . (3.23)

Using Eq. (3.13) one obtains the equations

R — _ ~ _ ~

Noi (=i @ — M;) — (LLHYV\/FJr LLCH*YV*\/E>' —0, (3.24)
g ~ ~

(i@ — M;) Ny, — (ﬁYj H L+ VYT HT LLC>' ~0. (3.25)

Now we solve for N and eliminate it from Eq. (3.23):
1 4 T 17 TC 17k vk 5ij
Sx[No] ~ =3 dx(LLHYV\/FjLLLHYV\/ﬁ)' =
b\
X (ﬁYj}NITLL + \/EYJE{TLLC) |
J
= / d*z 6L . (3.26)

After expanding the propagator,

1 :_i_ﬁ+... (3_27)

the terms of 6L can be combined to obtain the higher dimensional operators. This
results in the effective d = 5 operator

1 S ~
5£d:5 — 5 CZIZE) <L%QH*> (HT LLﬁ) —+ h.C., (328)

13



3 Effective Operators

where

_ 1
cd75 = Y];I;M_NYN . (329)

After electroweak symmetry breaking, the neutrino mass is obtained by inserting
the Higgs VEV in Eq. (3.28),

2
_ Y =5 TUY
y = —— =—-Yy—Yn. 3.30
m ¢ N My N ( )
With the next order in the propagator expansion Eq. (3.27) the dimension 6
operator

SLI=6 = (=6 (LTJ() i (ﬁﬂ LLB) (3.31)

can be constructed, where

1 1
d=6 t
=Yy———Yy. 3.32
As we will show below, Eq. (3.31) leads to non-unitarity effects. This is also known
as “minimal unitarity violation” [30].
After symmetry breaking this operator adds corrections to the kinetic terms of
the neutrinos, so that

L™ = iv6d(0as + €X5)v1s (3.33)
where
U2
N = Ecd=6. (3.34)

By rescaling the neutrino fields
Via — Vg = (0ap + efjﬁ)%l/m (3.35)
the kinetic term can be rewritten as
L5 = it} P0upvy (3.36)

But this redefinition also affects the interactions of the neutrinos, for example the
charged current interaction reads now in the rescaled flavor basis

_ 1
Lcc :%QQW ((5&5 - 56%) vrs +he.. (3.37)

Since we have modified our flavor basis we also have to modify the Upyng matrix
for rotating from the rescaled flavor states to the mass eigenstates of the neutrinos.

14



3.3 Effective operators for the seesaw mechanism

Because the rescaling is flavor-dependent, the mixing matrix has to be replaced
by a non-unitary matrix N. After unphysical phases have been reabsorbed in the
lepton field definition it reads

N = (1 - %) Upmins - (3.38)

So the weak currents in the mass basis read
. ©“ = Lo Yy Nei Vi, (3.39a)
Jivc = %71 %(NT N)ij vj. (3.39b)

This in turn changes the observable parameters such as the Fermi constant mea-
sured from p — v,7.e decays, which is connected to G3M = v/2¢%/(8M2,), the
SM Fermi constant at tree level, by

Gr =G/ (NN1)ee(NNT),,.. (3.40)

1

since NNT = (1 — V) at O(1/M?%) and hence v = (1 — eM)& v, = \/(NNT).. v,
(accordingly for v).

3.3.2 Type II seesaw

The minimal Lagrangian for a heavy scalar triplet written with the triplet indices
in the mass basis and neglecting the quartic couplings reads
£a =AUD"Z A + (LoYa(rala) Ly, + pa HI(Al7 ) H + hic.)
- [A};MAQCSGZ,AI, + )\3 (HTH) (A};dabAb) + )\5 (AZTgbAb) HTTiH}

=AL (D) = T HTH = (Ma? + Xo(H'H)) Tiugin|
+ [(EYATQLL + /L*AHTTaﬁ> A, + h.c} , (3.41)

where (D")?, = (T)“)Tl_ﬁuéab and Lisospin 1 the identity in the basis of the triplet
states Ay, Ay and Ag, so that (Lisospin)ab = Oab-
Modifying the formalism from 3.2 for heavy scalar fields one obtains in analogy
to Eq. (3.13)
oL
0N,

oL
I(AT),

=0 ,
(AO)H.
One can determine the solutions

(Bo)a = [(D)? = AT HITH = (Ma? + Ng(H'H)) L]

=0. (3.42)
(Ah)a

[MAfITTbH + L_LYATTZ,Z;}
(3.43a)

a

~ - —1
(AD), = [M*AHTTbH + LLTI,YALL} [(D“)Q AT HYFH — (M2 + Xs(HH)) ]1isospm]
ba
(3.43)
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Inserting this in Eq. (3.41) one obtains
—1

o — [MZHTTaﬁ[ + LxLTaYALL] [(Duf AT HZH — (Ma2 + N\(H H)) ]1isospin}

X [MAE{%H +L_LYATTbZL] . (3.44)
The propagator can be expanded in inverse powers of M3,
-1
(D) = XTHFH — (Ma® + Ma(H'H)) |

Ll (D) AT HUTH — Ny (HTH) .
M3 M

(3.45)

Expanding Eq. (3.44) to O(Mx?) one obtains besides a dimension four operator
correcting the four Higgs coupling a dimension five operator,

1 — ~
L5 = Z—lcizg) (LLO,?LLg) (HT?H) +h.c., (3.46)
where
mA
—r = 4YA—. 3.47
cam = 1015 (3.47)

Eq. (3.46) can be rewritten to match the form of Eq. (3.28) After inserting the
Higgs VEV the neutrino mass reads

HAa
m, = —2Yav? . (3.48)
M3
Including the next order in the expansion of the propagator, one obtains an ef-

fective dimension six Lagrangian. It consists of several components in the type II
case

(SﬁdA:G =0Lyr +0Lyp+ 0LsH , (349)
where
1 = - .

OLar = 1 (Lova7in) (L7 vl L) (3.50a)

2
0Lsir = —2 (A3 + As) L AJ (H'H)® (3.50b)

MA

_ |al? t=17\ (A e (Ti=

Sun = 71 (H TH) <DMD ) (H TH) . (3.50¢)

These terms describe a four fermion coupling, a six scalar coupling and corrections
to the kinetic Higgs terms. In contrast to the single fermion type, also the SM
gauge fields are involved since

D, =0, ig%ww —ig'B,Y . (3.51)
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3.4 Inverse seesaw scenario

3.3.3 Type III seesaw

The type III seesaw mechanism is obtained by replacing the fermion singlet of
type I with a triplet, so that

= = 1= - = ~
Ly =iXpP YR — 3 onMaXf + YrYs(H'7LL) +he.| . (3.52)

After integrating out the heavy fields in analogy to the type I seesaw one obtains

]_ _— ~
5r0=5 — §ci;5(LLa?H)(HT?LLﬁ) +h.c. (3.53)
where
. 1
Cd75 — YZ-II— ME YE . (354)

This is again equivalent to Eq. (3.28) , so that the neutrino mass is

m, = v Yo €L Ys . (3.55)
2 My,
For dimension six one obtains
SLI=6 = (=6 (L_Lofﬁ) i (Fﬂ T*Lm) , (3.56)
where
=0 =y} MigMLE Yy (3.57)

Compared to type I both cases are very similar but the derivative @ is replaced
by Ip. This is because the fields are now in a triplet state and couple to the gauge
fields of the SM.

This means that the dimension six operator not only causes corrections of the
kinetic terms but also of the couplings to the W and Z bosons.

3.4 Inverse seesaw scenario

In the inverse seesaw scenario [31] we have a parameter p which is responsible for
lepton number violation. If p vanishes, lepton number conservation, which is an
accidental symmetry of the Standard Model, is restored. Hence a small value of
p is T"HOOFT natural [32].

The inverse seesaw generates a d = 5 mass term of O(v?u/M?). Because of
this suppression, M can be much lower, namely at the TeV scale. A realization of
this mechanism can be illustrated by a system of a light neutrino and a fermionic
singlet that both conserve lepton number and an additional heavy lepton number
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3 Effective Operators

violating field, which are all Majorana particles (vr,N1,Ns). It is called the inverse
seesaw scenario. The mass matrix reads

B B 0 mp, 0 1%
L= NENS) [ mp, 00 My, | [N ] (3.58)
0 ]\4]\[1 % N2

Besides the Dirac masses mp, and My, the only Majorana mass is the small
entry p which is associated to the Nj field. The lightest eigenvalue at order /My,
is

Y12U2
My X fh——, (3.59)
M¢

assuming that mp, < My, and mp, « Yijv/ \/5, since the Dirac mass is created
by a Yukawa coupling.

There are several ways to realize a flavor structure that is in accordance with
neutrino physics. The straight forward approach is to add three generations of the
heavy fields. Another possibility that can only be realized in a supersymmetric
framework is to generate one neutrino mass by the inverse seesaw with one gen-
eration of mediators and a second neutrino mass at one-loop level [33]. A third
variant is the minimal inverse seesaw scenario (MISS) [34]. It consists of only two
generations of the heavy fields, which narrows down the number of free parameters
but requires one light neutrino to have zero mass.

There are various interesting phenomenological effects of this scenario. It is ex-
pected that non-unitarity and CP violation can be tested at possible long-baseline
neutrino oscillation experiments. Furthermore, one could likely see lepton-flavor-
violating (LFV) processes like u — ey at the LHC. Lepton-number-violation in
contrast is expected to be as good as invisible since the heavy Majorana neutrinos
form pseudo-Dirac particles with suppressed Majorana character. In the case of
the MISS it has been found that for an inverse hierarchy non-unitarity effects for
1 and 7 are of phenomenological interest whereas CP violation is constrained.

3.5 Higher-dimensional effective operators

If one forbids the dimension five operator, for example by introducing a discrete
symmetry, under which the fields are charged, neutrino mass can be generated
by higher-dimensional effective operators like d = 7 or d = 9. Since these are
suppressed by higher powers of the heavy mass scale, that scale can be lowered
down to the TeV range, making such scenarios accessible by current expiremts
such as the LHC. But therefore an enhanced Higgs sector is necessary. This is,
for example, the case in a Two Higgs Doublet Model (THDM) or the Minimal
Supersymmetric Standard Model (MSSM), where we have an additional Higgs
doublet with opposite hypercharge. If we would only have H,, an operator like
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3.5 Higher-dimensional effective operators

LLHuHuHZHu would always induce a d = 5 operator since H H, has always zero
charge.

A systematic study for the THDM scenario can be found in [7]. In Tab. 3.1 an
overview of the possible higher dimensional operators is given.

‘ Op.# Effective interaction

dim5 | 1  LLH,H,
LLH:H,
3 LLH:H}
4  LLH,H,H.H,
5  LLH,H,H:H,
6 LLH,H,H'H,
7
8
9

dim.7

LLHH,H}H,

LLHH,H'H,

LLH;H:H’H,
10 LLHH:H'H,
11 LLH'H;H!H;
dim.9 | 12 LLH,H,H,H,H.H,
13 LLH,H,H.H,H}H,
14 LLH,H,H,H,H'H,
15  LLH,H,H;H,H}H,
16 LLH,H,H:H,H*H,
17 LLH,H,H'H,H'H,
18  LLHH,HH,H:H,
19 LLH;H,H;H,H:H,
20 LLH;H,H'H,H'H,
21 LLH;H:H:H,H:H,
22 LLH;H'H;H,H'H,
23  LLH:H'H*H,H'H,
24 LLH;H:H;H:H;H,
25  LLH;HH;H:H:H,
26 LLH;H H: H:H: H

dim.11

Table 3.1: Effective Operators in the THDM. (See also Tab. 1 of [7])

There are several possible theories that generate the same effective operator,
after their heavy fields have been integrated out. A list of the possible decompo-
sitions of the d = 7 effective operators is given in Tab. 2 of [7].
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4 Supersymmetry

In this chapter an introduction to the formal and theoretical aspects of supersym-
metric theories is given. It will also define the notation used in later chapters. A
more complete description of SUSY can be found in Refs. [35] and [36].

4.1 Motivation

4.1.1 The hierarchy problem

In the Standard Model the scale of all masses depends on the vacuum expectation
value (VEV) of the neutral Higgs component’

v=(H") ~ 174 GeV , (4.1)

which is the expectation value of the field at the minimum of the Higgs potential
1
V = —p?H"H® + ZA(HOTHO)Z, >0, A>0. (4.2)
Its value is experimentally fixed by the mass of the W boson

my = %v ~ 80 GeV . (4.3)

It is plausible to assume that the Standard Model is only valid up to a certain

energy scale at which new physics appears. If one wants to calculate higher order

corrections to the masses of particles, this means the loop integrals have a finite

energy cutoff A. Hence for the next to leading order Higgs mass contribution for
example (see Fig. 4.1 a)) one obtains

A

dmpy )\/d4k — o ANZ. (4.4)

gy

Since this integral is quadratically divergent, one obtains a mass correction
which is of the order of the new physics scale. To avoid this problem in all orders
of perturbation, the counter terms must almost exactly cancel the tree level mass.
That this fine-tuning is realized in Nature is considered very unlikely. Therefore
the hierarchy problem is considered as a deficiency of the Standard Model.

n the literature also the definition v = /2 <H 0> is commonly used.
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4 Supersymmetry

Figure 4.1: Hierarchy problem: Feynman graphs for the Higgs self energy in the
SM (a) and in SUSY with fermionic partners of the Higgs fields (b). If the particles
in the loop in (b) have the same mass as those in (a) and the condition A\ = y? for
the couplings is fullfilled, as it is the case for SUSY, both contributions cancel and
the hierarchy problem is avoided.

If SUSY is realized on the other hand, an additional contribution to the Higgs
self-energy exists, which is shown in Fig. 4.1 b). This fermionic loop naturally
cancels the divergences of the SM graph, so that dmy now is proportional to In A
and no more fine-tuning is required. Therefore SUSY is an elegant possibility to
avoid the hierarchy problem.

4.1.2 Further indications

One of the topics that deserve the most attention in modern particle physics is
Grand Unification. As it was possible in the past to bring electric and magnetic
forces and later electromagnetism and the weak interaction together, theoretical
physicists nowadays try to unify the gauge groups of the SM.

Due to renormalization, we have a running of gauge couplings. In order to obtain
an unification, all three SM gauge couplings should meet at a certain scale. This is
not the case in the standard model. In SUSY, however, we have additional particles
changing the running of the couplings. Calculations show, that in supersymmetric
theories the couplings really meet at the same point at about 2 - 106 GeV.

Other hints at SUSY (see Sec. 1.2 of Ref. [35]) are constraints on the Higgs
mass and an explanation for the shape of the Higgs potential. The Higgs mass
term p2H'H naturally becomes negative in SUSY due to renormalization, making
spontaneous symmetry breaking possible.

Finally, supersymmetry provides us with a possible dark matter candidate.

4.2 Basic concepts

SUSY is a symmetry between fermions and bosons. Supersymmetric transforma-
tions are possible with an operator ), so that

Q|fermion) = |boson) and @|boson) = |fermion) . (4.5)

22



4.3 Weyl spinors

The generators satisfy the algebra

{Qu; @} = {QL:QJ} =0, (4.62)
{Qu; Ql} = (0,)asP" (4.6b)

where P* is the 4-momentum operator and o* represents the Pauli matrices.

If supersymmetry is conserved (or spontaneously broken), the generators com-
mute with the Hamiltonian. All particles are parts of supermultiplets and have
partners which differ by spin 1/2.

4.3 Weyl spinors

It is common to use Weyl spinors in supersymmetric theories. Since they have
only two components compared to the four component Dirac spinors and they
are chiral eigenstates, they are better suited for the use with SUSY, because
right-handed particles are SU(2) singlets whereas left-handed particles are SU(2)
doublets, which is also the case for their supersymmetric partners.

In the Weyl representation? a four-component Dirac spinor ¥ can be represented
by two two-component spinors ¥ and x as

v — (i’) , (4.7)

so that the chiral projections are

1
Up=PrU = 5(1 +795)¥ = (%)) , (4.8a)
1 0
2 X
From the Dirac equation
(yupt —m)¥ =0 (4.9)
one can derive the equivalent equations for the Weyl spinors
al'pu = my (4.10a)
al'pux =ma. (4.10b)
They transform as
P — Y =V, (4.11a)
Y —y =ViTy (4.11D)
2Tn the Weyl representation the gamma matrices are y# = <_(,)7 L 00#) and v5 = <]é _O]l) ,
where 0!, 02 and o are the Pauli matrices and ¢° = 1. Furthermore we use o = (¢, 0!, 02, 03)

and 7* = (0%, —o!, —0?, —0?).
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4 Supersymmetry

under Lorentz transformations

V=1+i€

[\CJ ST
Qu

— 77 (4.12)

N |

where € refers to rotations and 7 to boosts. One can easily check that Eq. (4.10)
is invariant under these transformations.

With this knowledge, one can now construct Lorentz invariants y ¢ and Ty as
well as 4-vectors ¥Totyp and yToty.

A simple Dirac Lagrangian can be rewritten with Weyl-Spinors as

W(W“au -m¥ - @Z’Tiguaﬁ/’ + XTi&ﬂauX - m(l/’TX + XTQM . (4.13)

Another question is, how to construct a Lorentz invariant from 1 or x only.
Therefore one can define

Yy = iogx” (4.14a)
which transforms like v, and
Xy = _102¢*7 (414b)

which transforms like x. This means that ¢LX and XL¢ are invariants.

There exists a more formal notation using dotted and undotted indices (see
e.g. [35] or [36]). We will not use that notation in this work in favor of a more
intuitive convention where yy = ¢>T<X' This means all products of Weyl spinors
are supposed to be Lorentz invariants in order to avoid a confusing bulk of indices.

It is common to use only left handed Weyl Spinors, i.e. x-like objects, in
SUSY. Right handed particles like ez can be represented by their charge conjugates
er = (eR)C.

If the Fermions are SU(2) doublets, we will use another notational convention:
A-B = AinB(= z/Jj(AiTQX B). To combine the doublet in this way is necessary to
guarantee the conservation of weak isospin.

4.4 Supersymmetric Lagrangians
The simplest Lagrangian which is invariant under SUSY transformations is
L=0,00"¢+ 7,0 + F'F (4.15)

for a massles scalar field ¢ and a massles left-handed fermion y. The auxiliary
field F is introduced, since without it the SUSY algebra does not close off-shell.
This means that the SUSY transformations get a correction due to the auxiliary
field, so that they can be used consistently also off-shell. This can be attributed
to the different degrees of freedom of a complex scalar field (2 d.o.f.) compared to
a two component spinor (4 d.o.f.) in that case.
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4.4 Supersymmetric Lagrangians

The according infinitesimal transformations read

Sedp = Ex., (4.16a)
dex = —iotio2€ 0,0 + EF (4.16b)
6 F = —ila"9,x, (4.16¢)

where ¢ is an infinitesimal spinor. By inserting Eq. (4.16) in Eq. (4.15) one can
see, that the Lagrangian is invariant under these transformations.

Besides chiral supermultiplets it is also possible to include vector supermulti-
plets, i.e., multiplets of a vector boson and a fermion. In a non-abelian gauge
theory with gauge fields W one can, as usual, define a field strength tensor

Fo, = 0,W) —0,W5 — ge™WIWy (4.17)
and a covariant derivative
D,=0,+ igT“Wﬁ , (4.18)

where the T'* are the generators of the according symmetry.
The supersymmetric partners of the gauge fields, the gauginos, are denoted \°.
So the gauge Lagrangian reads (in WESS-ZUMINO gauge)

1 1
Loauge = =7 Flu, " a+ INTEH (DA + 5D D", (4.19)

where the auxiliary fields D® are equivalent to the F fields in fermionic supermul-
tiplets.
The fields of the gauge supermultiplet transform like

SW = ¢'5,\" + h.c., (4.20a)
1 —V a a

Je A = 50“0 Sk, +ED°, (4.20Db)

6¢D* = —i&'a" (D, )" + h.c. (4.20c)

Combining chiral and vector supermultiplets finally leads to the Lagrangian

P = ]‘ a v yat = a ]' a ma
L=0,0'0"0+ X'z, 0" + F'F — ZFWF“ a+iX"TE" (D) + §D D
—V2g(#' TN + h.c.) — g T?¢D? (4.21)

This Lagrangian is invariant under the transformations (4.16) and (4.20) with one
more modification for d¢F":

0 F = —igtara,x —vV2q)\elg. (4.22)
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4.5 Superfields and Superpotentials

A chiral superfield ® provides a linear representation of the SUSY algebra. It
contains the component fields ¢, x and F' and can be written as

@CLH)—wﬂx)+9xﬁ®—%%€-9Fﬂw, (4.23)

where 6 is a GRASSMAN number®. It depends on spatial and fermionic degrees of
freedom, x and 6.

An infinitesimal supersymmetric transformation of the superfield can be ex-
pressed in terms of the SUSY generators as

0P = (—iEQ +ie* QNP . (4.24)
Using the differential operator expression of the generators
0
0 = 1=, 4.25
Qu=ie (1.25)

one can show that Eq. (4.24) implies the transformations (4.16) and (4.20) of the
component fields (see Sec. 9.3 of [35]).

Since d¢F' is only a total derivative, the F-term always generates a SUSY invari-
ant action. Hence a supersymmetric interaction can be expressed as the F-term
of the product of superfields.

4.5.1 Products of superfields

The product of two left-handed superfields is

2oz 1
O, 0; = ¢y + Oxij + §eeﬂj , (4.26)
with
Gij = id; (4.27a)
Xij = Xi®j + ¢iX; » (4.27Db)
Fij = ¢iF5 + & F — Xix; - (4.27c)
In analogy the product of three superfields is
£ s 1
with
Dijk = GiP; Pk » (4.29a)
Xijk = Xi®jPk + QiXjPk + QX (4.29b)
Fijk = 0i0j Fy, + 001 F; + 0p®i b — XXk — XXk Pi — Xk Xi®Pj - (4.29¢)

3GRASSMANN numbers are anticommutating numbers, i.e. {6;;60;} = 0. This implies also,
that #2 = 0. The notation used here identifies § = (61,6,) as an object with two components.
Hence, for an expansion in 6 the highest non-zero order is 6 - 0 = fioo6 = —26,65.
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4.5.2 The superpotential

As stated above, all SUSY invariant Yukawa gauge interactions can be “encoded”
as the F-term component of products of superfields. Hence a SUSY model can
be described by an expression in terms of these products, which is called the
superpotential.

Example: The Wess-Zumino model

The WESS-ZUMINO model [37] is a simple example of a supersymmetric theory,
containing chiral supermultiplets and their interactions. The free Lagrangian for
this model is equivalent to Eq. (4.15). Its totally symmetric superpotential reads

/P B
Wwz = 5 Mij®i®; + cYijp®i®; Py . (4.30)

Using Eq. (4.27¢) and Eq. (4.29¢) one obtains the interactions

. 1 1
Wz = §Mij(¢z‘Fj + ¢ F — Xixj) + EYzjk(@%‘Fk + OO F; + Oroi Fj
— XiXjPr — XjXe®i — XkXi¢;) + h.c. (4.31)

4.5.3 Higher order products of superfields

Products of more then three superfields generate terms with d > 4, and hence are
not considered in general. Due to our use of effective theories, however, they are
of interest for us. The evaluation of these products can be accomplished in the
same way as for the product of two or three superfields. One point we want to
stress here is that only combinations of two fermions and an arbitrary number of
scalars—but not of fermions and F-terms—are SUSY invariant. This is because
only the former are of order 6 - # whereas the latter are always of higher order in
f, which is zero due to the properties of the GRASSMAN numbers.

4.6 The auxiliary fields

The SUSY interactions that are derived from the superpotential still contain the
auxiliary fields F' and D. These fields, however, can be expressed in terms of the
physical observable fields by using their equations of motion. Starting with the
former, we only have the plain F' fields, and no derivatives. Therefore EULER-
LAGRANGE equation is rather simple,

oL

Since the relevant terms of the Lagrangian are

LY = F'F 4+ L™(F), (4.33)
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it follows from Eq. (4.32), that

B acint(F> T
aﬁi“t(F)
T_
Fl= =50 (4.34b)

In the example of the WESS-ZUMINO model this means

F, = —MT o 41 Uk(@@) (4.35)

One can show that, in analogy, also the D-terms of the vector supermulti-
plets can be replaced. Solving the equations of motion for D for the Lagrangian
Eq. (4.21) one obtains

D* = g¢'T%. (4.36)

4.7 The MSSM

The minimal supersymmetric extension of the standard model, the MSSM (Min-
imal Supersymmetric Standard Model), has one partner for each standard model
particle. It is also necessary to introduce a second Higgs doublet (and its super-
partner). This is necessary to construct Yukawa couplings for up-type as well as
for down-type quarks that conserve supersymmetry as well as electroweak hyper-
charge. the second doublet makes it also possible to avoid anomalies that would
become a problem otherwise.

SUSY models are described by left handed Weyl spinors. But what about the
particles that are right-handed in the SM, like the SU(2)-singlet electron eg? As
already mentioned, they can be equivalently represented by their charge conju-
gated counterparts, which we will write as e, = (eg)°".

It is specified by the superpotential

WMSSM = fLYuQA[‘A[u — ijQA[:[d — é}/ef/]f[d + /,L]f[dﬁu . (437)

An overview of the particle content in the MSSM is shown in Tab. 4.1. The
superpartners of the SM particles are marked with a tilde.

4.8 Breaking supersymmetry

The symmetry between the components of a supermultiplet implies that their
physical properties, including their masses, are equivalent. Since the supersym-
metric partners of the known SM particles, however, have not yet been observed
in experiments, we know that their masses must be heavier than those of their
counterparts. As a consequence of this, SUSY must be broken.
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4.8 Breaking supersymmetry

Chiral super-multiplets

Name ‘ Spin 0 Spin 1/2 | SUB)e SU@2), U(l)y
squarks, quarks Q= (ur, JL) Q = (ur,dr) 3 2 %
@L ur ~ (ug)© 3 1 -2
dr, dp, ~ (dg)° 3 1 :
sleptons, leptons | L = (7,¢,) L= (v,er) 1 2 -3
er ér ~ (er)° 1 1 1
Higgs, Higgsinos | H, = (H}, H°) H, = (H;, H°) 1 2 3
Hy=(Hg,Hy) Hy=(Hg Hy)| 1 2 —3
Vector super-multiplets
Name | Spin /2 Spinl [SU@B)c SU2), U(l)y
gluino, gluon g g 8 1
winos, W's Wi, wo wE, wo 1 3
bino, B B B 1 1

Table 4.1: Particle content of the MSSM. There are three generations of squarks
and sleptons. After symmetry breaking the physical states of the Higgs bosons are
O, H° A and H*. W° and B mix to Z and the photon. The neutralinos )Z? and
charginos )A{Zi are a mixture of the Higgsinos with the winos and binos.

In many discussions of SUSY the exact mechanism behind symmetry breaking
is not considered in detail. Instead one only specifies some explicit SUSY breaking
terms. These terms can be understood as an effective description of an underlying
theory at a higher scale.

A condition that is often required is that the symmetry breaking terms are
soft [38]. These have only positive mass dimension, hence renormalizability is not
spoiled. This also ensures that SUSY still cancels the divergences that otherwise
would lead to the hierarchy problem.

The possible soft breaking terms that respect the SM gauge symmetries are:

e Gaugino mass terms
1 ~~ ~ o~
—é(MlBB + MoWeW® 4+ M3g*g® + h.c.). (4.38a)

e Sfermion mass terms

~ ~ JU ~t ~ ~ ~ b
—m%QJr Q- m%ﬂT U — m%d ~d — m%LT L — m%éT ‘€, (4.38b)
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where the family indices have been suppressed. The dot denotes again the
SU(2) invariant product.

e Higgs mass terms

—m¥ HY - H, —m% -H\H;— (ByH, Hy+hc.). (4.38¢)

e Trilinear terms

“AGQ - Hy — AydQ - Hy — AZL - Hy + h.c. (4.38d)

Usually all of these terms appear, independent of the underlying breaking mech-

anism. A consequence of this is the well known problem of a large number of free

parameters in SUSY. An important parameter is tan § = **, the ratio of the Higgs
d

vacuum expectation values.

4.9 Neutralino and chargino mixing

Since the bino, the neutral wino and the two neutral Higgs fields have the same

quantum_numbers, they can mix. This means the mass matrix in the basis
(B,W° HY, HY) reads

My 0 —cosfBsinfymy  sin Gsinbymy
0 My cos BcosBymy —sin B cosbBymy
—cos Bsinfymy  cos (3 cosbymy 0 —
sin #sinfymy;  —sin B cosOymy — 0
(4.39)

M; and M, are the soft breaking wino and bino masses (Eq. (4.38a)), p comes
from the MSSM superpotential (Eq. (4.37)) and (3 is a model dependend parameter
(see last section). The masses generated by electroweak symmetry breaking are
described in terms of the WEINBERG angle and the Z boson mass my. The four
mass eigenstates of this matrix are called neutralinos x}.

The charged components of the Wino and Higgs doublets mix in a similar way,
generating the so called charginos ;. The according mass matrix can be expressed
as

—% [(W+HI)Mgi : (Z;) + (W~ HJ ) Mss - (Z;)} +hee., (4.40)
where
Mg = ( M ﬁsmﬁmw) . (4.41)

V2 cos By 1
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4.10 R-Parity

4.10 R-Parity

In the Standard Model lepton number and baryon number are conserved by an
accidental symmetry. In SUSY, however, it is possible to introduce terms which
violate both, but are not forbidden by any other symmetry. Experiments, on
the other hand, show that effects of this violation—Ilike the proton becoming
unstable—must be very small.

To avoid this problem, one can introduce R-parity, which is defined as

R — (_1)3B+L+28 7 (442)

where B is the baryon number, L is the lepton number and s the spin of the particle
in question. R is 41 for the familiar SM particles and —1 for their superpartners.

If R-parity is conserved, it has some phenomenologically important consequences.
First, sparticles can only be produced in pairs at collider experiments like the
LHC. Second, sparticles can only decay into an odd number of sparticles (and an
arbitrary number of R = +1 particles).

Another consequence of this concerns dark matter. As we know today, most
of the matter in the universe is dark matter, but its nature is still a mystery.
Supersymmetry, however, offers a possible solution: If R-parity is conserved, the
lightest supersymmetric particle (LSP) must be stable. Such a particle, like the
neutralino for example, is massive and interacts only weakly and therefore fulfills
the requirements on a dark matter candidate.
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5 Higher than d=5 Effective
Operators in a Supersymmetric
Framework

The various d = 7 operators and their possible decompositions have already been
studied for a Two Higgs Doublet Model (THDM) [7]. In the following we demon-
strate that this is also possible in a supersymmetric framework.

5.1 Prerequisites

Since SUSY can be implemented in various ways, we first have to make some
assumptions.

Model

The simplest case of a supersymmetric Model is the MSSM. Therefore we will use
it as a reference for the extensions we will make to incorporate neutrino physics.
We will therefore use the definition given in Sec. 4.7.

Another possible candidate is the NMSSM (see e.g. Ref. [39] for a review),
which circumvents the so called p-term problem: By introducing an additional
scalar field S (and, of course, its supersymmetric partner), which couples to the
Higgs fields and has a non-zero vacuum expectation value, the small scale of the
p-term is naturally generated. In this study our results are mostly independent
on these details. We will, however, point out the differences, when necessary (see
also Sec. 5.2.2).

Discrete symmetry
In order to avoid the d = 5 operator as leading contribution to neutrino mass, we
have to require a discrete symmetry that forbids this operator (see Sec. 3.5).

There are theoretical motivations for discrete symmetries, but we will not care
about its origins here and take it simply as a precondition. But we will show how
to implement it.

One should also note that instead of a discrete symmetry a U(1) symmetry
could be used. In this case, however, one would also have to care about additional
Goldstone bosons, which can appear, since by breaking the electroweak symmetry
also the U(1) symmetry is broken.
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5 Higher than d=5 Effective Operators in a Supersymmetric Framework

R-Parity
If R-parity is broken, the sneutrino can get a VEV. Because of the neutrino-
sneutrino-neutralino interacton, an additional d = 5 effective operator, which

contributes to the neutrino mass, is possible [40]. We, however, want to show a
qualitatively different model where R-parity is conserved.

As a consequence of this, we have a strong constraint on the possible decompo-
sitions of the effective operators.

Holomorphy of the Superpotential

Because of the holomorphy of the superpotential, conjugate fields can only be
introduced by F-terms. Since there are no SUSY invariant interactions with both,
fermion and F fields (see Sec. 4.5.3), the only possible effective d = 7 operator
in SUSY is LL(H,)*H,. This is an important difference to the THDM and limits
the number of possible decompositions further.

5.2 General remarks

5.2.1 Possible effective operators

As mentioned in section 3.5, there are higher-dimensional effective operators in
models with an additional Higgs doublet (like the THDM or the MSSM) and/or
an additional SU(2) singlet scalar field. It is also required that all these fields
have a non-zero vacuum expectation value. In supersymmetric models, however,
the possibilities for these effective operators are limited due to the holomorphy
condition stated above. This means that the effective operator only contains
Lorentz invariant products of fermions and only non conjugated scalar fields. This
can be understood by looking at the products of superfields again, since—as stated
in subsection 4.5.3—only combinations of fermions and scalar fields are SUSY
invariant, but not of fermions and auxiliary fields. This is different to the THDM
where operators such as LLH}H, are possible.

A list of all possible operators up to dimension 9 is given in Tab. 5.1. The
discrete charge of the fields has to be chosen in a way such that the effective
operator with the leading contribution to neutrino mass has zero charge. In other
words, the effective operator must conserve the discrete symmetry, while all other
possible operators of lower dimension break the symmetry explicitly and hence
are forbidden.

In the NMSSM we have another situation. The superpotential for this model is

Wiamssm = Wyak + ASHUFId + KS’S , (51)

where Wy denotes the superpotential for the Yukawa couplings, i.e. the MSSM
superpotential without the p-term. Therefore the charge ¢g is fixed. Hence the
fields cannot be charged under the discrete symmetry in a way that operator #5
is allowed and #1 is forbidden at the same time. This implies that #5 can never
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Op.# Effective interaction  Cond.# Charge qs = —(qu, + qu,)

dim.5 1 LLH,H, 1 2qL + 2qm, 2q1, + 2qm,
dim.6 2 LLH,H,S 2 2qr, + 2qm, +qs 2qr + qu, — qH,
dim.7 3 LLH,H,H.H, 3 2q1, + qu, + 3qH, 2q1, + qu, + 3qH,

4  LLH,H,SS 4 21+ 2qm, +2qs 21 — 241,
dim. 8 ) LLH,H,H,HyS 1 2qr, + 3qu, + qH, + 45 2qr, + 2qm,

6 LLH,H,SSS 5 2qr + 2qmH, + 3qs 2qr — qu, — 3qH,
dim.9 7  LLHH,HyH.H.H, 6  2q. + 2qm, + 4qu, 241 + 2qm, + 4qu,

8 LLH,H,HqH,SS 2 2qr, + 3qu, +qu, +2q9s  2q1 +qu, — qH,

9 LLH,H,SSSS 7 2qr, + 2qu, + 4qs 2qr, — 2qm, — 44qm,

Table 5.1: Effective operators generating neutrino mass in the (N)MSSM up to
dim. 9. If S is the NMSSM scalar, then its charge gg is fixed by the term ASH,Hy
(last column). Note that operator #5 has the same condition for the charges as
operator #1 (if gg is fixed). Therefore it is not possible to have only one of them
and forbid the other one. The same is true for operator #8 and operator #2. Hence
operator #5 and #8 can never be the leading contribution to neutrino mass. If one
assumes that the trilinear term A\SSS of the NMSSM has zero charge, this also rules
out operator #6 as leading contribution.

be the leading contribution to neutrino mass. This is the same for operator #8
compared to operator #2. In all the other listed cases it is possible to find a charge
assignment that forbids all other operators. As already noted in Sec. 2 of Ref. [7]
it is sufficient to use a Zj3 symmetry in the case of SUSY, to get operator #3 as
leading contribution. In the THDM at least a Zs5 symmetry is required, since we
have no holomorphy condition. A possible charge assignment is

qH, = Oa dH, = 17 qr = 17 (qS = 0) . (52)

5.2.2 The p-term and the discrete symmetry

Without singlet fields we have effective operators of the type (LH,)*(H,H)"
with an overall discrete charge of zero. Furthermore we know that the charge of
(LH,)* must be different from zero in order to forbid the d = 5 effective operator.
Therefore it is obvious that H,H,; cannot have zero charge either. Hence we must
be aware of the fact that the u-term of the MSSM, uﬂqu, explicitly breaks the
discrete symmetry. The reasons for this symmetry violation will not be discussed
here. One can think of modifications of the MSSM, however, where this problem
can be circumvented. The explicit breaking can be avoided if an additional scalar
singlet S is introduced, which couples to the Higgs fields:

A\SH,H,. (5.3)

If the scalar S gets a VEV, then the p-term is recreated with g = A(S). This is
the case in the NMSSM. A further advantage of this model is that the scale of
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5 Higher than d=5 Effective Operators in a Supersymmetric Framework

the coupling between H, and H,; can be easily set to the electroweak symmetry
breaking scale. This is required for the Higgs mechanism to work. The p of the
MSSM in contrast must by adjusted to this scale by hand.

In Sec. 3.1 of Ref. [7] it was discussed that by introducing a discrete symmetry
breaking term m?H, - H, the external H; and H, lines of a d = 7 operator can
be connected, which unavoidably generates a one-loop d = 5 operator. This term,
however, is suppressed compared to the tree level d = 7 contribution, assuming
that m is at the electroweak scale. In the case of the MSSM, however, we have a
different case. The term ,u]:.lu - Hy in the superpotential corresponds to the scalar
terms pH! H, and ,qulHd in the Lagrangian and not uH, - H; (see e.g. Sec.
16 of Ref. [35]). Instead we have a SUSY soft breaking term By H, - Hyq from
Eq. (4.38¢). This means that in our model the soft breaking parameter By must
be sufficiently small, in order to avoid the d = 5 one-loop contribution.

5.2.3 Supersymmetric partners of the mediators

Since we have a supersymmetric partner for each particle, the question arises
whether it is possible to construct more “economic” decompositions in SUSY. This
means, can we use both fields of the supermultiplet simultaneously as mediators?
This could minimize the number of necessary (super-)fields in decompositions
where fermionic as well as scalar mediators appear.

The answer is no, at least on tree level and with R-Parity conservation. As all
external fields, L, H, and H,, have R = +1, a mediator with R = —1 would cause
vertices where R-Parity is violated. As a consequence we have also supersymmetric
partners for each mediator field. Therefore a model with minimal particle content
has different phenomenology, if R-Parity is conserved, compared to models with
R-Parity violation, where the partner of a scalar mediator can also be a fermionic
mediator and no additional particles are needed.

5.3 Effective operators with d=6

In Ref. [8] the d = 6 operator (LH,)%S was studied within the NMSSM framework.
A possible decomposition is shown in Fig. 5.1. The corresponding superpotential
reads

A
W = Wxmssm + YvNH, - L+ TNSN’N’ + MyN'N (5.4)

In this case the neutrino mass becomes

An(S)(Hu)*

i (5.5)

m, =Yy

Since A(S) is confined to the electroweak scale by the NMSSM and assuming
An ~ X one obtains Yukawa couplings Yy of the order 107%...107° for a mass
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5.4 Effective operators with d=7

Figure 5.1: Decomposition of a d = 6 operator.

scale of the order 1...10TeV. We will not discuss d = 6 effective operators
and their decompositions any further in this work. Instead we will focus on the
dimesion seven scenarios, where we have higher suppression and hence can lower
the new physics scale further.

5.4 Effective operators with d=7

5.4.1 Topologies

In Fig. 5.2 all possible topologies for the decomposition of the d = 7 operators
are shown. In SUSY scenarios topologies 3 and 4 can be excluded. This is due to
the fact that scalar couplings in SUSY have to be of the type ¢'o, ¢Top, ¢pTodle or
Tl o, since they are generated by F-terms and D-terms. This is an implication
of the holomorphy condition mentioned before.

Topology 3

The scalar four-vertex has to be of the type H H X* X*, where X is a heavy virtual
scalar field. The three vertex must be HHX*. These two vertices can not be
connected by a propagator Ax. Hence topology 3 can not be realized in SUSY.

Topology 4

The four scalar vertex can only be of the type HyH,H, X" or H,H,H,X™
in order to produce an effective operator of the type LLH,H,H;H,. The only
possible scalar four couplings allowed by SUSY, however, are of the type ¢'¢fpg.
Hence also topology 4 is not possible.

5.4.2 Extended type Il seesaw scenarios

The possible decompositions of the d = 7 effective operator can be roughly cate-
gorized as extensions of the well known d = 5 decompositions, the type I, IT and
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Topology 1 Topology 2 Topology 3 Topology 4

Figure 5.2: Possible topologies for seesaw type II like decompositions of an effective
d = 7 operator. Topologies 3 and 4 cannot be realized in SUSY. Solid lines are either
fermions or scalars, dashed lines are always scalars. (cf. Fig. 2 of [7])

# Operator Top. Mediators

5 (Leir?7L)(Hqit?H,) (H, it*7H,,) 2 Wy +1, 13
6 (—ieabc)(FiT2TaL)(HdiTszHu)(HuiT2TcHu) 2 1 351, 3
21 (Leir?reL)(H,it?m%)(T bHd)(HuiT2TbHu) L 3%,,2%,,,,3%
22 (Leit?reL)(Hgir?r)(r°H,)(H,it?*m" H,) 1 31, 2930, 3%
23 (Leir?7L) (H,it?7) (H,) (Hg4it2H,) 1 3715 2% 00 15
24 (Leit?m°L)(H,it?r%)(t°H,) (H4iT?m" H,) 1 311 2%, 15

Table 5.2: Possible type II like decompositions of an effective d = 7 operator in
SUSY. The parentheses group the external fields that are connected to the same
vertex. If 7 appears, the fields couple to a triplet mediator; if not, they couple
to a singlet. The mediators are specified by their isospin (I) and hypercharge (V)
quantum numbers in the way (2 4+ 1)y. The s indicates a scalar mediator. All
charged scalar fields must have an additional partner of opposite charge (not listed)
to make a mass term possible in the superpotential. (cf. Tab. 2 of [7] for the THDM
case, the numbers of the operators are chosen accordingly.)

ITI seesaw scenarios.

We define a decomposition as extended type II seesaw, if all mediators are scalars
(cf. Sec. 2.3 and 3.3 for the normal seesaw). Therefore the only appearing fermions
are the external lepton doublets. The only lepton number violating interaction is
then

—

(LinTL)¢, (5.6)

where ¢ represents one of the scalar mediators. This vertex violates lepton number
by AL = 2 and therefore conserves R-Parity.

Tab. 5.2 lists all decompositions possible in SUSY, which are extended type II.
Due to the holomorphy condition we need partners with opposite charge for each
scalar field in order to obtain SUSY invariant mass terms.
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)
, H,

f

N

Figure 5.3: Decomposition #1 of the effective d = 7 operator.

5.4.3 Extended type I and III seesaw scenarios

All other decompositions that have fermionic mediators can be seen as extensions
of the d = 5 type I or type III seesaw mechanism. Since we can have several com-
binations of scalar fields and SU(2) singlet, doublet or triplet fields as mediators,
a further distinction will not be made. A list of all type I/III like decompositions
of the d = 7 effective operator is shown in Tab. 5.3.

Compared to the extended type II, we can have scalars and fermions or solely
fermions as mediator. Depending on the topology and the actual realization of
these operators, the various decompositions have different characteristics, as the
following examples show. They will be compared in Sec. 5.5.4.

5.5 Examples for decompositions of the d=7
effective operator

5.5.1 Decomposition #1

The Feynman graph corresponding to decomposition #1 of the d = 7 operator is
shown in Fig. 5.3. The corresponding superpotential is

W = Wanarks — YeéL - Hy+ YNNL - H, + myNN' + 6N'N'¢ + \H, - Hy
1 .. o
where N = Ny = (Ng)¢ and N’ = N/ are fermion singlets and ¢ is a scalar singlet.
The charges of the new fields have to be assigned in a way that all interactions

are charge neutral.
The terms of the Lagrangian corresponding to Eq. (5.7) that include at least
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5 Higher than d=5 Effective Operators in a Supersymmetric Framework

# Operator Top. Mediators

1 (H,i7m?Le)(H,it?L)(Hirm*H,) 2 15, 1k, 13

2 (H im>7Le)(H,it? L) (H4ir*7H,) 2 38, 35 1k 1k, 35

3 (H,it?7Le)(H iT?7L)(Hgit? H,) 2 3% 35, 13

4 (—ie®)(H,ir?mLe)(H, ir>r° L) (H4ir?r°H,) 2 3%, 3L, 33

7 (H,it?Le)(Lit*7Hy)(H im*7H,) 2 15, 1k, 3%, 3%, 3%,

8 (—ie)(H,ir?rT¢)(Lir?r" Hy) (H,ir*r°H,) 2 3%, 3L, 3% 3L 37,

9 (HulTZE)(ITQHu)(L)(Hd1T2Hu) 1 15,1k, 231/2, 2L1/2, 13
10 (H,ir27Le) (ir27H,) (L) (H it H,) 1 30, 3L ok’ ol 1s
11 (H,it?Le)(it?H,)(TL)(HAT*7H,) 1 15, 15, 2%, 5, 28, 35
12 (H,ir?roLe)(it?rH,) (T°L) (H, it H,) 1 3% 3L, 2]_3”1/2, 251/2, 3;
13 (Hir?L%)(L) (i H,) (Hair* H,) 1 15,15, 2, . 15
14 (H,ir*7L9)(FL) (i B, ) (Hyir* H,) 1 38, 3L, 20,5, 13
15 (H,ir?L%)(L)(ir?7 H, ) (H 7 H,) 1 18,15, 25, ., 33
16 (HuiT27'aFl’7'aL)(lT ™ H,)(Hgir*t°H,) 1 30 3%, 2% /9: 35
17 (HuiTQE)(Hd)(172Hu)(HuiT2L) 1 15, 1§, 2%, 5, 28,

18 (HuiTQF_LC)(FHd)(iTQHu)(HuiTQL) 1 35, 3¢, 27, ), 28 9, 18, 1§
19 (H,it?Lc)(Hy)(iT*TH,)(H,iT*7L) 1 1% 1k, 21_%1/27 2", /5, 30 3§
20  (H,irt*rLe)(t°Hy)(ir*r°H,)(H,im*T°L) 1 38, 3k, 28 28

25 (Hgit?H,)(Li7?)(7L)(H,it?TH,) 1 15, 2%, 5, 2% 5, 3%,

26  (Hgr?r°H,)(Leit?r%)(r°L)(H,it?t H,) 1 35, 2&1/2, 2f1/2, 33,

27 (H. ITQLC)(ITQHd>(TL)(H iT?7H,) 1 g, 1§, 2%, 5, 28, 0, 3%,
28 (H 270 Le) (it?7 Hy) (t° L) (H,it?m° H,,) 1 3l 3k, 2f1/2, 2i1/2, 33,
29 (H,it?Le) (L) (ir?7Hy) (H,it*7H,) 1 1%, 1k, 2% 3%

30  (H,ir*rLe)(r2L)(ir*r"Hy)(H,it*m"H,) 1 3%, 35, 2% 95 3i1

31  (Leir?roHy)(it?m°H )( L)(H,it*TH,) 1 3L, 34, 2&1/2, 2f1/2, 3%,
32 (Leir?r°Hy)(r°L)(ir?r°H,)(H,it?t H,,) 1 3L, 3%, 2759, 34

33 (Leir? THd)(lT 7H, )(flu)(HuiﬁL)b 1 3%1, 3t 2%1 100 20, 1@, 17
34 (Leit?r*Hy) (ir?r*H,)(t° H,) (H,it?7° L) 1 3%, 3%, 2% 9, 221 5 3k, 38

Table 5.3: Type I/III like decompositions of the d = 7 operator. Besides the fixed
sign of the scalars’ hypercharges they should be equal to the THDM case. We use
the same notation as in Tab.5.2. R and L indicate right and left handed fermions,
where the right handed ones can also be represented by left handed Weyl spinors

after charge conjugation.
for better comparison.)
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5.5 Examples for decompositions of the d=7 effective operator

one fermionic field (except the quark-couplings and kinetic terms) are
Llermionic — ' (6], Hy+ &L - Hy+¢éL - Hy) — Yn(NL - H, + NL- H, + NLH,)
— K(N'N'¢+ N'N'¢ + N'N'¢) — N(Hy Hyop + H,Had + H,Hyd)
— MyN'N — %m% + u(HYHY — HFH7) 4 h.c. (5.8)
After the Higgs fields get a VEV, the relevant fermionic mass terms are

. . I7 o H b 1 b0
Effg?slomc = —Y.eevg — YnNvv, — )‘0qu¢ + )‘UdH3¢ ~ MyN'N — §m¢¢¢
WSS — ) + e o
1
= —5/U M’ 4 he. 10

Hence the mass matrix for the neutral fermions, including gauginos and Higgsinos,
reads in the basis f° = (v, N, N, B,W° H? HY, $)

M} =

0 Yyv, O 0 0 0 0 0

Ynu, 0 my 0 0 0 0 0
0 mpy 0 0 0 0 0 0
0 0 0 M1 0 —CpSswimyz SgSwiz 0
0 0 0 0 M,y cgewmy — —SgCwmy 0 ’
0 0 0 | —cgswmyz cgewmy 0 — I — Ay
0 0 0 sgswmy — —sgMy — 0 AU,
0 0 0 0 0 — Ay AUy, Mg

(5.11)

where M; and M, are the soft breaking masses of the gauginos and tan § = v, /v,.
The neutrino and the neutralino sector are independent, since otherwise particles
with and without lepton number would mix, which would violate R-parity. To
generate neutrino mass in this decomposition it is not sufficient to consider solely
the fermion mass matrix. Only after the scalar mediator ¢ is integrated out an
effective Majorana mass for N’ appears.

The charged fermions (€, €) have their usual mass matrix

. 0 Y;Ud
M, = (YM o ) . (5.12)

The chargino mixing matrix remains unchanged.

Taking a closer look at the field ¢, one might notice that it has the same quantum
numbers as the scalar of the NMSSM. It also has the same coupling to the Higgs
fields. So is it the same field?

In this case we have to modify our superpotential so that we have an additional
term K’ (53 and no quadratic mass term of ¢ as well as no pu-term. But now ¢ can
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5 Higher than d=5 Effective Operators in a Supersymmetric Framework

get a VEV v,. Due to this fact, we now get also a contribution from a d = 6
operator of the type LLH,H,S where ¢ = S.

To estimate the contributions of both operators, one can take a look at the Ma-
jorana mass of N’. In the dimension six operator the Majorana mass is generated
if ¢ has a VEV:

my = kv . (5.13)

By integrating out ¢ in the dimension seven operator one obtains

Maj Uy Vg

Uy Uq
mp? = Ax' :

= \x
me KU,

(5.14)

In the case of couplings close to 1 and m, not too far above the EW scale both
operators have similar contributions. It should be mentioned that in the NMSSM,
where q§ = S this d = 7 operator is always allowed—if the d = 6 is—by the
discrete symmetry, since the charge of S is set by the term NSH,H,. Thed =6
operator in the NMSSM has been studied in Ref. [8]. As mentionend there,
in the case of neutral SM singlets as mediators the production rates of the new
particles are rather low, since these do not couple to the gauge bosons. Replacing
the fermion singlets with triplets, however, should be straight forward.

5.5.2 Decomposition #5

Decomposition #5 of the effective d = 7 operator is shown in Fig. 5.4. It is an
extended type II seesaw. The superpotential reads

W :unarks - }/;éf/ : Hd + Yqﬁi/ ' qu—ga - qugbgf_);@ - ,udq_s’d[:—ru : 7_—‘]:Iu - Mcpga]:]u ' ]:Id
S N A
+ Map@a®Pp + MeaPeda + Piadns pHHy, (5.15)

where ¢, ¢. with Y = +1, ¢p, ¢pg with Y = —1 are scalar triplets and ¢ with zero
hypercharge is a scalar singlet.
The relevant terms of the Lagrangian corresponding to Eq. (5.15) are

clem — 'y, (eL Hy+¢eL-Hy+éeL-Hy) — Yy(L-7Léo+ L -7Lo, + L - 7Lo,)
+ K(¢b¢c%‘7 + ¢b¢c%0 + ¢b¢ 90) + Nd<¢dH 7:’fju + gdf[u ' 7:‘Hu + (;dHu ’ 7_—'f[u)
+ pp(pHy - Ha+ @H, - Ha+ §Hy - Ha) = may$fy — mead.dy

— %mgo&@ + h.c. (5.16)
After the Higgs fields get a VEV the fermionic mass terms are
Lomieme = = Yeeva — pav il + 5; HY) = pova@HY — pov,GHy
- mab;;a(bb mcd¢ ¢d _mwSOSD + N(HOHd ﬁiﬁd_) +h.c..

(5.17)
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Hd\,/ H, !

L SOY y H,
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Figure 5.4: Decomposition #5 of the effective d = 7 operator.

The mass matrix for the neutral fermions, again with Higgsinos and gauginos,

reads in the basis O = (v, 8%, ¢Y, #°, ¢, W, B, H?, HO . 9)

0 _
M; =
0| 0 0 0 0 0 0 0 0 0
0| 0 mg!| O 0 0 0 0 0 0
0 |mg O 0 0 0 0 0 0 0
0| 0 0 0 mey 0 0 0 0 0
0| 0 0 |meg O 0 0 Uy 0 0
0] O 0 0 0 M, 0 —CcgSwmyz  SgSwimy 0
0] O 0 0 0 0 M, cgcymyz  —sgewymyg 0
0| O 0 0  pgu, —cgswmyg cgewmy 0 — HpUd
0 0 0 0 0 Sgswmyz — —SgMmyz —l 0 fhpUy
0] O 0 0 0 0 0 HpUd Uy My
(5.18)
The mass matrix for the single charged leptons is
fITME T (5.19)
where
£5 = (€00 0L T (5:200)
fo=(e, 8,0, WL Hy)T (5.20D)
and
Yovg O 0 0 0
0 mg!| O 0 0
M; = 0 0 | mea 0 0 : (5.21)
0 010 My,  2sgmwy
0 0 |pavu V2csmw Ju
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Figure 5.5: Decomposition #17 of the effective d = 7 operator.

For the double charged fields we have

M (5.22)
where
= (00,007, (5.23a)
fm =00 0" (5.23b)
and
M) = (””61’ nfd) . (5.24)

Here we have the same problem as with decomp. #1 if ¢ gets a VEV or is the
NMSSM scalar respectively.

5.5.3 Decomposition #17

Finally we will consider decomposition #17 shown in Fig. 5.5. The corresponding
superpotential is

~

W = Wyt — Yobl - Hy + YyNL - Hy — 5y N'€ - Hy + ko N'€' - Hy + my NN
+me€€ + pH, Hy | (5.25)

where N and N’ are singlets with zero hypercharge and £ and £’ are doublets with
Y = +3.
The relevant terms of the Lagrangian corresponding to Eq. (5.25) are
Ll — Y (eL-Hy+¢elL-Hy+éL - Hy) —Yy(NL-H,+ NL-H,+ NLH,)
— k1(N'€ - Hy+ N'€ - Hy+ N'€- Hy) + rp(N'¢' - Hy + N'¢' - H, + N'€ - H,)
— MyN'N — me€€' — pHOHY + h.c. (5.26)
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After the Higgs fields get a VEV the fermionic mass terms are

Llermionic 1y e — Yo Nv — k1vg€ON' — kpvy & N — myNN' — me&E + h.c.
(5.27)
The mass matrix for the neutral fermions reads in the basis
fO= (v, N,N', ¢, ¢° H° HY, B,W?) (5.28)
0 Yyu, O 0 0 0
YNUu 0 my 0 0 0
0 m 0 K1Vq KoV 0
0 __ N 1Vd 20y
My = 0 0 Kwg 0  me| 0 (5.29)
0 0 KoUy Mg 0 0
0 0 0 0 0 | My

In this case M5 is the unmodified neutralino mixing matrix of the MSSM as in
Eq. (4.39).
The mass matrix for the charged fermions is

1 - 1 ~ ~ ~ ~
= -3 fOT pypfermionic £0 4 | ¢ — 5 SITMETf+ fTTMPf) +he, (5.30)

where f+ = (é+,§+,H+,/VI7+) and f~ = (e‘,f’f,Hd_,W_) and

u

Youg 0 0 0
0 m 0 0
M+ = 5.31
! 0 0 W \/§ngw ( )
0 0 |V2sgmw M,

The mediators do not mix with the neutralino and chargino fields, since we have
only fermionic mediators which have lepton number and otherwise R-Parity would
be violated. This decomposition is discussed further in Chapter 6, where also the
generation of the neutrino mass is described.

5.5.4 Comparison of the decompositions

If one compares the mass matrices for operator #1 (top. 2, type I), #5 (top. 2,
type II) and #17 (top. 1, type I), one can see some substantial differences.

For operator #1 the partner of the neutral scalar mixes with the neutral Higgsi-
nos, whereas the heavy fermions do not, due to R-Parity conservation. Therefore
the mixing matrix for the neutralinos has to be modified. In the case of operator
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5 Higher than d=5 Effective Operators in a Supersymmetric Framework

#5 some of the partners of the scalars mix with the charged and neutral Higgsinos,
so the mixing of neutralinos and charginos is affected. This is possible, because
here we have scalar triplets with electromagnetic charged components as media-
tors. As a consequence of this mixing with charginos and neutralinos one obtains
additional neutralino and chargino states compared to the usual SUSY models,
like the MSSM. Also their mass spectrum will be modified, since we obtain new
mass eigenstates. This will have phenomenological consequences for processes
involving neutralinos and charginos.

Finally for the #17 operator, all the new particles mix with each other and the
neutrino fields, but not with the Higgsinos. This is because we have only fermionic
mediators.

It also seems that topology 1—and more specifically those decompositions that
have only fermionic mediators—can be used to easily avoid a scalar with a VEV
that implies a d = 6 contribution. Hence we will focus on decomposition #17,
with two fermion singlet and doublet mediators, for a more detailed study in the
next chapter.
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6 Properties of the
Decomposition with Two
Fermion Singlets and Doublets

6.1 The neutrino mass

The Lagrangian for decomposition #17 is specified in App. A. We can determine
the neutrino mass, by integrating out the mediator fields. This would be more
complicated, if we were to consider the flavor structure of the decomposition.
Here, however, we will only discuss the simpler case of one flavor for each particle
(which, of course, is insufficient to reproduce neutrino physics).

First the heavy doublets are integrated out. The relevant terms in the La-
grangian are:

Le = €NioP D& + Mo DI — me€ - & — kN'€- Hy+ kpN'€' - H, + hee. (6.1)

The stationary fields are:

£ = EN’HU (6.2a)
¢ = —%N’Hd (6.2b)
3

So one obtains:

MR N NTH, - H + e

(6.3)

Ly = N'ig"9,N + N'"'ig"9,N' = myNN' — YyNL - H, —
mye

This way we have reproduced the inverse seesaw mass matrix which reads in the
basis (v, N, N'):
0 Yy O
M,=1Yy 0 my (6.4)

0 myn €

with € = 2’;11—521)”11(1 and vy /g = (Hy/q)-
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6 Properties of the Decomposition with Two Fermion Singlets and Doublets

Integrating out the heavy singlets can now be accomplished in analogy to pre-
vious calculations. After replacing the parameters accordingly one obtains the
neutrino mass:

o Ki1k2

3

For a neutrino mass m, ~ 1eV and v =~ 250 GeV and the heavy mass scale at
1 TeV this means couplings of O(1073) are required.

Besides the neutrino mass, there are also further possible low energy effects
depending on the other parts of the effective low energy Lagrangian. Further
effects can occur after integrating out the superpartners of the heavy particles.
These can, however, be assumed at a larger mass scale due to SUSY breaking
terms.

6.2 Realization of the flavor structure

Due to the neutrino phenomenology described in chapter 2, we know that we have
three neutrino flavor states that mix with each other. To reproduce this behavior,
we need to add a flavor structure to our model.

Since there are three distinct mass eigenstates, at least two of them must have
a finite mass. To simplify the discussion, we will assume that one neutrino has
no mass (or a negligible small one). There are two fundamentally different ap-
proaches, which will be discussed in the following two subsections.

6.2.1 Flavor Structure created at one-loop

The first possibility is that the two masses are created by different mechanisms,
one mass by the seesaw like decomposition of an d = 7 operator—as described
here for decomposition #17—and the other one by loop corrections. As pointed
out by Hirsch et al.[33] it is an advantage of SUSY that this is possible at the
one-loop level. What they discussed in the case of the inverse seesaw mechanism
can be also adapted for our model. The sneutrino couplings and mass matrix can
be found in App. B. Since we can derive the mass eigenstates and mixing matrix
from that, we can follow closely the procedure of Hirsch et al. to determine the
neutrino self-energy functions. They can be written as

—iX7(p) = —1 (PSP (p?) + X" (7)) Pr + (P07 (p°) + B¢ (p*)) Pr]  (6.6)
and contribute to the neutrino mass matrix

M1 — i (Q)6mn + Re (S22 (p*) + M, S0 (0°)] (6.7)

A=0

where Q is the renormalization scale.
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6.2 Realization of the flavor structure

The transition from mass states to flavor states now contains tree-level as well
as one-loop contributions.

Vo = (UtrU17100p>ail/i = U;,L-VZ' (68)
The neutrino-sneutrino-neutralino coupling can be expressed as
Loyop = X3 (AR P+ AL PN, + hec. (6.9)

with the coefficients

Al = —Thszffn Njs(Gra — iG) (6.10a)
Amjb g(N]*2 — tan QWN 1)(sz - ZGb i+5) )U , (610b)

where G is the sneutrino and N the neutralino mixing matrix. Due to the com-
binations of A% and A" at each vertex of the loop, the self-energy functions then
read

" TR AR
52_<4)

AL Al

+ AR + Al + AL } Bo(miq,m?%),

(6.11a)

mjb*njb mjb* - njb mjb*njb mjb* - njb

mn 1 * k
Yy = an? [AnivAngs + A Asy + A Ay + AjpipAry }Bl(mi?,mf%)

(6.11b)

njb

Since the sneutrino mass matrix is influenced by the choice of the soft-breaking
parameters, the loop corrections couple in a different way to the neutrinos as the
effective operator does. Hence we can obtain a complex flavor structure, which
generates the required neutrino phenomenology.

6.2.2 Flavor Structure from two families at tree level

We can also recreate neutrino physics, if we add a flavor structure to our decom-
position itself. The easiest approach is to make the N and N’ fields to flavor pairs
and leave the other mediators as flavor singlets. Thus we obtain a mass matrix

Meg = 030a(Yar)ai (M) ijen(My " (YR )ig » (6.12)
where
1
€jk = e ((51)jm (K3 ke + (K2)jm (K1 )mk) - (6.13)

The flavor basis can be chosen in a way that My or respectively My is diagonal,
without loss of generality.

The appearing matrices must reproduce the neutrino phenomenology and are
hence different for normal and inverted hierarchy:.
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6 Properties of the Decomposition with Two Fermion Singlets and Doublets

my [GeV]
800k
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Figure 6.1: Dependence of my on mg for yy = k1 = kg = 1073, tan 8 = 1.5 and
mo = 0.00875eV.

Normal hierarchy

A rather straight forward parameterization is the following:

1
— 0
V3 —1 1 10
o (§ ) () en )
N = YN \f f 1 ] 2 2 {4 N N P
V3 V2
(6.14)
where p = /msy/m3 and
20 vy ki ks / (m3me) = ms. (6.15)

This reproduces the tri-bimaximal mixing pattern and two non-zero mass eigen-
values. The only difference is that we have —my instead of msy. This minus sign
can be absorbed in a phase redefinition of the SM neutrino fields, since the effec-
tive mass term is of Majorana type. An overview of the possible coefficients which
generate the neutrino mass scale can be found in Fig. 6.1.

Since we have more parameters than restrictions due to neutrino physics, there
is a certain freedom in the parameters of the couplings. For example one can vary
Yy as long as this is compensated by an according change of My and/or k, as long
as My remains diagonal, since this is the basis which we choose to work with.

One can conclude, that the tri-bimaximal character—or the flavor mixing of the
neutrinos in general—is mostly generated by the Yukawa like couplings Yy. The
mass ratio p = y/msg/mg can be generated by Yy, My or K1/2-

The dependence on tan 3 of the Higgs VEV contribution to the neutrino mass
v3v4 can be seen in Fig. 6.2. A tan 8 of 20 will introduce an additional suppression
factor of about 6 to 7. Going to even larger values like 50 one obtains a suppression
factor of about 16.
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Figure 6.2: Dependence of the Higgs VEVs on tan 3. Shown separately (a) and
in the combination v3v, (b), which is the same as in the effective operator. Small
values for tan 8 can be excluded, due to experimental and theoretical constraints
such as the top-quark Yukawa coupling, so that small values of tan 8 can not be

used for suppression.

Inverted hierarchy

The inverted hierarchy can be obtained by the parameterization

2 1
3 V3 ~1 1 10
Yv=ynv|-L L], /*€1=k‘1( ), /izzk‘z(), MN:mN( >,
Gy : ! 0 s
V6 V3
(6.16)
where p = \/my/my and
20 vy arkika/ (m3me) = m. (6.17)

Here again one eigenvalue is —msy instead of ms.
In general, it should be easily possible to generate any mixing pattern for both

hierarchies by just changing the Yukawa couplings Yy accordingly.

6.3 Phenomenology

In this section we want to discuss the phenomenological characteristics of our
model with regard to its possible verifiability at the Large Hadron Collider (LHC).
Even with a minimal flavor structure and the constraints from neutrino physics, we
have still many free parameters. A detailed study of the parameter space is beyond
the scope of this thesis. Instead we want to present an exemplary discussion of

one possible realization of our model.
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6 Properties of the Decomposition with Two Fermion Singlets and Doublets

n; ‘ ny No ng Ny Ny Ng ny ng Mg

m; [GeV] | 0 —850-10712 4.99.107' 200 200 244 -244 -578 578

Table 6.1: Mass eigenvalues m; of the neutral fermions and the according mass
eigenstates n;. The three lightest states ni, ng and ng are equivalent to the three
neutrino mass eigenstates v1, o and v3. For the heavy states we have always two
pairs with the same mass but opposite sign. Therefore we have pseudo-Dirac pairs,
which means the Majorana nature of the mediators is suppressed. ng and ng are
mostly composed of the first generation of N and N’ whereas ng and n7 correspond
to their second generation. n3 and n4 are mostly equivalent to £° and £°. All mass
states, however, contain also smaller contributions of the other fields because of
mixing.

6.3.1 Parameters

We choose the flavor structure of Eq. (6.14) with the parameters
yv = k1 =k, = 1072, my =578GeV, and me = 200 GeV . (6.18)

We will also use tan(3 = 1.5. This means the heavy fields have a hierarchy
my > me. The according mass eigenvalues of the neutral fermions are listed in
Tab.6.1. The mixing between v, and the heavy fields is very suppressed. This is
due to the fact that v; is considered massless in our model and hence does not
couple to the new mass generating particles.

This choice of parameters leads to a rather small mass for mg, so that it is
more likely to be produced. The mass is, however, not so small that it would be
in a region already excluded by experiments. Couplings closer to one might be
preferable but would require higher masses. Couplings of O(1073) are still in the
range of the lepton Yukawa couplings of the SM.

6.3.2 Numerical computation

The processes we want to study in the following sections have up to four final
states, which makes it difficult to calculate the according phase space integrals.
Therefore it is favorable to use numerical instead of analytical methods to obtain
the results we are interested in. We therefore use the software package WHIZARD
[41] (version 1.95), which uses Monte-Carlo methods to integrate over the phase
space. The matrix elements WHIZARD uses are generated by O’MEGA [42]. All
results are for tree level.

In order to use these programs for our model, we have had to make some modifi-
cations. The new particles and their properties had to be specified. Furthermore,
their interactions had to be implemented, including couplings and mixing param-
eters. The neutral fermions have been implemented as Majorana fermions. The
charged mediators ¢+ and ¢~ = (£%)° can be implemented as the RH and LH
components of one Dirac spinor.
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6.3 Phenomenology

6.3.3 Production of the charged heavy fields

An advantage of our model compared to other extensions of the seesaw mechanism—
including the inverse seesaw—is that we use mediators that have isospin and hy-
percharge. As a consequence they couple to the gauge bosons W+ and Z. W+ can
be produced by quark-antiquark scattering. We will use the process pp — W
here. Since the LHC is a proton-proton collider, the 4-momenta of the initial
quarks are unknown in the experiment. Hence we have to take their parton dis-
tribution functions (PDFs) into consideration. WHIZARD has already a built-in
implementation of PDFs that are based on Ref. [43].

If the produced W is off-shell, it can decay into the two components of the
charged mediator doublet ¢+ and £°, where £° is composed of the mass eigenstates
n;. Hence the on-shell production cross section is

o(pp — € +n;) = (3.7696 £ 0.0025) - 10> b . (6.19a)
In analogy one obtains
o(pp — & +ny) = (1.9647 £ 0.0037) - 10* b (6.19b)

for a center of mass energy /s = 7TeV. The difference between both values is
due to the different PDFs in both cases. For /s = 14 TeV one obtains

o(pp — &7 +n;) = (1.0138 £ 0.0020) - 10° fb (6.20a)
and
o(pp — & +n;) = (6.153 £ 0.012) - 10* fb. (6.20b)

The production cross-section for pp — et +v via W is 2.21-10%fb at 7 TeV, for
comparison. Since the gauge couplings are the same in both cases the difference
can be explained by the smaller phase space of the heavy particles. They are,
however, not stable and will decay further. Therefore, as a next step, we will
compute their decay widths.

6.3.4 Decay via W+

The particles £t and £~ decay into W¥ and V)3, due to the gauge coupling of
¢ (see App. A.3) and the mixing of &° with vy/3. Since the charged components
themselves do not mix, this is the only decay channel for these. The decay widths
are:

I =T (& — Wy /W) = 3.0541298 - 10712 (6.21a)
T =T(§ — W /W rs) = 3.0541298 - 107 (6.21b)

The neutral fields mix to v./v, /v, and hence can decay into e/p/T via W=,
The partial widths for these decays are listed in Tab. 6.2. One might expect the
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6 Properties of the Decomposition with Two Fermion Singlets and Doublets

Process ‘ ['[GeV]

ng — W*+e/u/m | 1.1469172 - 10711
ns — W* +e/u/T | 7.4481607 - 10713
ng — W= +e/u/7 | 1.6236987-1076
ny — W4 e/u/r | 1.6236878 - 1076
ng — W*+e/u/r | 3.9673876-10~°
ng — W*+e/u/7 | 3.9673876 - 106

Table 6.2: Decay widths for n; — W+ +e¢/u/7.

decay to be larger for the states ny and ns, since they correspond to the doublet
mediators, which couple to gauge bosons. Here, however, we have in principle a
vertex v, We (accordingly for p and 7), where v is composed of the mass states
n;. Since the mass states ng—ng correspond to the two generations of the fields N
and N’, which have a direct coupling to the neutrinos via Yy, their decay widths
are larger.

6.3.5 Decay of the neutral heavy mass eigenstates via Z

The neutrinos v, /v, /v, as well as the neutral components of the heavy doublets
€% and £ couple to the Z boson (see also App. A.3). The coupling constant is
the same in all three cases, but with a different sign for £°, since it has opposite
isospin and hypercharge. Since the mass eigenstates mix to these five flavor states,
they can decay via a Z boson into v53. Because of the mixing, the coupling for
n, — Zu; reads

(g,Z)lk: =9z <UulueUienk + UV[VHUJMnk + Ul/qu— UllL,—nk_UVZEOUgOnk + UVlSIOUg’Onk> ’
(6.22)

where gz is the coupling constant as in the Standard model. In Tab.6.3 ¢%/gz is
listed for all cases. The resulting decay widths are listed in Tab. 6.4.

Again one could expect the decay widths of ns and ns to be larger, since they
are related to the doublet fields, which couple to the Z boson. The last two terms
in Eq. (6.22) correspond in principle to the vertices £°Z¢° and ¢°Z¢°. They are
indeed larger for ny and ns, since the mixing of £ and £ to these mass eigenstates
is larger than for the others. They are, however, supressed, since £ and ¢ mix
only weakly to the light neutrinos we have in the final state of the decay process.
The larger contribution comes from the first three terms, which correspond to the
vertices Ve, rZ Ve, . Here again ng—ng have a larger mixing to the light neutrinos
than ny and ns.

o4



6.3 Phenomenology

‘ V3 Vo
ng | 9.67681-10~"  0.000177005
ng | 9.67881-1077  -0.000177005
ny | -0.000418824 -2.28863-10°
ne | -0.000418826  2.28863-107°
ns | -8.09644-1077 -2.89589-10~7
ny | -1.63126-107%  -2.7085-1077

Table 6.3: The correction g',/gz for the coupling of the neutral mass eigenstates

to Z due to mixing.

Process

[[GeV]

7’L4—>Z+I/2/V3

6.3768553 - 10712

ns — Z +vs/u3

1.7243293 - 10712

ne — Z + 15/v3

7.9494161 - 1077

ny — Z+V2/V3

7.9493402 - 1077

ng — Z + 15/vs

1.9822844 - 1077

Ng — Z+V2/V3

1.9822844 - 1077

Table 6.4: Decay widths for n; — Z + vy /vs.

6.3.6 Decay of the neutral heavy mass eigenstates via h’

We make the assumption that the lightest Higgs field h°, the real scalar field, has
a mass of 120 GeV and all other fields are much heavier. The neutral components
of the Higgs doublets can be expressed as [36]

1
Re H? = |v, + — Cosah0+sinaH0] 6.23a
0= o+ ) (6:250)
1 :
Re H) = {%+E(— smaho—l—cosaHO)] : (6.23b)

where « is the mixing angle between the two neutral scalar Higgs fields A" and
HY. Tts value can be estimated with the tree-level relation

2 2
tan2a  my, +my

- 2 2
tan28  m5, —my

(6.24)

with tan 8 = 1.5 and my4, = 1 TeV. The resulting value is o = —0.591. The rele-

vant couplings between the Higgs fields and the neutral neutrino mass eigenstates
are

— k1 HIEON' — ko HOE® — Yy HONw | (6.25)
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6 Properties of the Decomposition with Two Fermion Singlets and Doublets

‘ V3 Vo
ng | 1.55495-1076 0.0002937
ng | -1.65472:107%  0.000293486
ny | 0.000293433  1.62735-10°¢
ne | -0.00029334  1.58194-10~¢
ns | 2.31347-1077  -2.63240-10~7
ng | 1.16996-107¢  5.84413-108

Table 6.5: The coupling g,0/v/2 of the neutral mass eigenstates with hP.

Process ‘ ['[GeV]

ng — h + 1 /vs | 8.9454953 - 10712
ns — h® + o /v3 | 8.0064062 - 10713
neg — h° + v /vs | 9.6296678 - 1077
ny — h® + vy /vs | 9.6357909 - 1077
ng — h® + v /vs | 3.6280879 - 107°
ng — h + vy /v3 | 3.6332663 - 1076

Table 6.6: Decay widths for n; — k" + vy /v3.

By replacing H, with cosa/v/2h° and H, with — sin ar/v/2 h° one obtains the cou-
plings to A" for the flavor states. To obtain the couplings of the mass eigenstates,
the SM Higgs coupling must be modified:

1 .
(9r0 ) g = 7z {— [(_UnkN(’l + UnkN’)Ugoyl + Unkéo(_UJTv(;ul + UTéyl)] k1 sin «
Uniny + Uniny )Ug,oyl + Unkglo(UN/l,l + UT, )] ko cos «

1
|: nkNa I/ 2] + Ulj + UT

o UL+ NG
7( Nk Ve _I_ Unkl/mu + UnkVT)U]‘i;f 1%

Upony (U 4+ UT

vy Vr Vl)

7(_ ngvu T UnkVT)U]-I;]nyl:| Yn COS a} . (626)

gro/V/2 is listed in Tab. 6.5. The resulting decay widths are listed in Tab. 6.6.
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6.3 Phenomenology

Particle ‘ I'[GeV]

Ny 2.67915226 - 10~
ns 3.26978599 - 1012
ng 3.38159619 - 10~°
ny 3.382220091 - 10~¢
ng 9.5777599 - 107°

Ny 9.5829383 - 107°

Table 6.7: Total decay widths of the neutral mass eigenstates.

U, C Vi

d,5 et
Figure 6.3: Feynman diagram for pp — WTvW ~et.

6.3.7 Total decay widths for the neutral heavy mass
eigenstates

By summing over all decay channels one obtains the total decay widths of the
neutral heavy mass eigenstates, which are listed in Tab. 6.7. The smallness of
these values is due to the weak mixing between the heavy fields and the neutrinos.
This is of course a consequence of the same suppression mechanism that keeps the
neutrino masses small.

6.3.8 The mediator fields as intermediate states

With the decay widths we can now calculate the cross-section of the processes
pp — WHTuW—et (Fig. 6.3) and pp — WHvWte™ (Fig. 6.4) with WHIZARD.
Also the corresponding processes with p and 7 instead of e have been studied.
The results are listed in Tab. 6.8 for a center of mass energy /s = 7TeV and 14
TeV. These processes are only possible because of the mixing between the heavy
fields and the light neutrinos. Hence they are suppressed by the same effects that
generate the small neutrino masses.

One can see that the cross-sections for electrons in the final state are between
one and two orders of magnitude smaller than for muons and taus. This can
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u,c Vg

J, s e
Figure 6.4: Feynman diagram for pp — WTvW e,

be attributed to the way in which we have implemented tri-bimaximal mixing
(Eq. (6.14)). The electron neutrino couples only to one generation of the mediators
whereas the others couple to both. Hence the decay of the mass eigenstates ng,7
into W*+eF /uT /77 is suppressed for electrons. This offers an easy way to connect
this process with neutrino physics.

Another observation one can make is that the processes with W*W™* and
WTW ™ as final states have both similar cross-sections. This is remarkable, since
it requires lepton number violation and hence is another hint at the connection to
neutrino physics. This can be better understood if one looks at the same processes
where £T is replaced with e™ and we have only Dirac neutrinos. In that case only
the process with WTW T is allowed whereas the one with WTW ™~ would break
lepton number and hence is forbidden. In this regard it might be suprising that
the pseudo-Dirac nature of the neutral mediators does not have a similar effect
in our model. In the inverse seesaw models for example lepton number violating
processes are suppressed because of this.

To understand this better, we will shortly describe this mechanism. Consider
a Feynman graph where two fermion lines are connected to a propagator via left-
handed interactions. An example would be W* — etv — e W Te~. We then have
a structure (14+°)(p+m)(1—~°). Due to the algebra of the gamma matrices only
p contributes, whereas all terms with m vanish. If we have a Majorana propagator,
we also have the structure (1+7°)(p +m)C(1 —~°) = (L ++°)(p + m)(1 ++°)C
for lepton number violating processes. In our example this would correspond to
the process W+ — efv™a — e*WW~et so that we now get only a contribution
from m. For pseudo-Dirac particles, however, we have two Majorana mass states
(" and ™) with m; = m and my = —m. Hence we have one amplitude
proportional to +m and one proportional to —m that cancel each other. Therefore
the lepton number violating process is suppressed. But how is our model different?
Here we have a left handed field £* and a right handed field &~ that have been
combined to one Dirac spinor. This is due to the fact that we have a mass term
me&TE™ and no mixing with the charginos. This is equivalent to the way in which
the Weyl spinors of the electron with the mass term m.eg Te; (m. = Y.v,) are
combined to one Dirac spinor W, = (er,eg). As a consequence the Dirac spinor &
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6.3 Phenomenology

Process o [fb]

Vs =17 TeV
pp — WHuvW=et | (5.064 +0.034) - 1072
pp — WHTuvWTe™ | (4.987 +0.044) - 1072
pp — WHvW—pu* 1.0622 4+ 0.0070
pp — WHvW+pu~ 1.083 £ 0.012
pp — WHvW-—r+ 1.507 £0.010
pp — WTvWr— 1.529 £0.014

Vs = 14 TeV
pp — WHvW—et 0.1767 £ 0.0012
pp — WHvWte~ 0.1747 £ 0.0016
pp — WHvW—pu™t 3.4507 £ 0.023
pp — WHvWu~ 3.435 +0.017
pp — WHvW-—r+ 4.903 £ 0.032
pp — WHvWhr— 4.943 £+ 0.049

Table 6.8: Cross-sections for the studied processes.

has not only left handed but also right handed couplings to the W bosons, since
both & components have isospin and hypercharge. Hence both processes—the one
with W*W™* and the one with W~W ~—have a contribution from both p and m,
where only the m part is affected by above described cancellation. If we look at
a process like Wt — etn; — et WeT instead, we will see that here the lepton
number violating process is strongly suppressed also in our model, since only the
left handed component ey, of the Dirac spinor couples to the W boson.

We also calculated the SM background—all diagrams with the same initial and
final states, where we can not distinguish neutrinos from anti-neutrinos—for all
discussed processes. The results are listed in Tab.6.9. Here of course we have equal
contributions for each flavor, since in the SM the couplings for all generations are
of the same size. The different mass of the particles can be neglected since we
have a much higher center of mass energy. For muons and taus the background
is of the same order as the processes, even without any additional cuts. An
experimental verification at the LHC is therefore very likely. This depends of
course on this special choice of parameters. In the case of heavier mediators this
will become more difficult. A rough estimation of the signal S to background B
ratio (for 7 TeV) with S/+/B shows, that for 5o an integrated luminosity of about
30fb~! is required to detect the process pp — WHvW—pu* and about 70fb™" for
pp — WHoW+u~. The LHC is expected to run at a luminosity of 100fb™! per
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6 Properties of the Decomposition with Two Fermion Singlets and Doublets

Process o [fb]
Vs =T TeV
pp — WHvW—et | 3.082+0.017
op — WHsW*e | 1.5601 + 0.0090
pp — WHvW—put | 3.075 4 0.017
pp — WHoW* | 15391 + 0.0093
pp — WHuW—7* | 3.086 + 0.017
pp — WHTDW T~ | 1.5623 £ 0.0094
Vs = 14 TeV
pp — WHuvW—et | 9.878 +0.051
pp — WHoWte™ | 5.005 + 0.029
pp — WHTvW—pu® | 9.806 £ 0.053
pp — WHoWtu= | 4.959 4+ 0.029
pp — WHvW—r+ | 9.776 £+ 0.052
pp — WHoWrr= | 4.919 4+ 0.030

Table 6.9: SM background for the studied processes.

year later, which makes a verification of this process possible. For 7 in the final
state this is similar. For e, however, an integrated luminosity of O(10* fb™') would
be required, which is unrealistic. But the absence of e while y and 7 are present
would still be an important result. This picture, however, will have to be modified
if one thinks about cuts to suppress the background.

6.4 Open Issues

There are several further points regarding our model that are of interest, but a
discussion is beyond the scope of this thesis. They will be the subject of future
study.

First of all a systematic study of the parameter space should be accomplished.
Especially the case for the inverted neutrino mass hierarchy might be of interest.
In the same way the ordering mg < my of the heavy masses will be of interest. It
should be tested how much the discussed results rely on the choice of parameters
we have made. We will have to study further how our model is qualitatively
different from the inverse seesaw scenarios.

Another issue are non-unitarity effects. As we discussed in Sec. 3.3 for the
standard seesaw scenarios, higher orders in the expansion of the propagator will
probably cause non-unitarity effects. We will have to bring these in accordance
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6.4 Open Issues

with experimental constraints. In this regard, we will have to study lepton flavor
violating processes such as y — ey.

We should also discuss which processes—besides those discussed here—could
be used to distinguish our model from others. This should also include the su-
persymmetric partners of the new fields, if they have sufficiently small masses.
Furthermore, we have to find ways to suppress the SM background with appro-
priate cuts. Since the heavy particles have so small decay widths, it might be
worthwhile to consider displaced vertices in that regard.

Finally, it would also be interesting to study models where R-Parity is violated
in comparison. Some work in this regard has already been started [44].
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7 Summary

In this thesis we studied possible extensions of the seesaw mechanism, using higher
than d = 4 effective operators in a supersymmetric framework. We have demon-
strated that it is indeed possible to realize these operators in SUSY in a similar
way as in the THDM. Due to the holomorphy condition of supersymmetry, how-
ever, the possibilities are more limited. In models with an additional scalar that
has a VEV, such as the NMSSM, we can have additional operators, including some
of dimension six or eight. The NMSSM might even be preferred to the MSSM,
since it avoids the u-term, which breaks the discrete symmetry that is necessary
to avoid lower-dimensional operators as leading contribution to the neutrino mass.
In this study we have focused on models with R-Parity conservation, which has
the disadvantage that we cannot reduce the number of additional fields by the use
of supermultiplets, but avoids a non-zero VEV of the sneutrino that would lead
to additional contributions to the neutrino mass.

We were especially interested in d = 7 effective operators. We have given
a systematic overview of the possible topologies and decompositions. For several
examples we have studied the effective generation of neutrino mass. In this context
we have been able to show that—depending on the nature of the mediator fields—
we obtain modifications to the neutralino and chargino mixing matrix that can
affect SUSY phenomenology. If we use heavy scalars as mediators, we might have
the problem of induced d = 6 operators, if these fields have a VEV.

Following these general considerations, we have presented a more detailed study
of the flavor structure and phenomenology of one example with solely fermionic
mediators—two neutral fields and two SU(2) doublets. This decomposition gen-
erates an effective neutrino mass of the order m, = viv,Y2k1ka2/(mem3;). The
neutrino mass scale is reproduced for couplings of the order 1072 and the heavy
masses at the TeV scale.

Then we discussed two possible realizations of a flavor structure that is in accor-
dance with neutrino physics, under the assumption of tri-bimaximal mixing. We
focused on a minimal variant, where one of the neutrinos is massless, in order to
avoid more free parameters. The first possibility is to have only one generation of
mediators. The flavor structure is then created by neutrino-sneutrino-neutralino
interactions at one-loop level, which have different couplings for the two massive
neutrinos compared to tree level, due to an additional flavor dependence intro-
duced by soft SUSY breaking terms. The second alternative is to create the whole
flavor structure at tree level, which requires a second generation of the singlet me-
diators. For the latter variant we have shown a possible realization of the matrix
structure of the couplings—for the normal as well as for the inverse hierarchy.
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7 Summary

Finally we considered exemplary the phenomenology of this decomposition for
the case of the normal hierarchy. We found the components of the mediator
doublets have a production cross-section of (3.7696 +0.0025) - 10% fb in the process
ud — W+ — &n; and (1.9647 £ 0.0037) fb in the process ud — &~ + n; for a
proton-proton collider at /s = 7TeV. For /s = 14TeV we obtained o(ud —
£F +n;) = (1.0138 £0.0020) - 103 fb and o (iid — £~ +n;) = (6.15340.012) - 10% fb.

Since the heavy mediators decay further, we have finally studied the process
ud — WHvW=et /ut /7t and ud — WHvWre™ /u~ /77, after calculating their
decay widths. We have seen, that the processes with electrons are suppressed
compared to the others, because of our implementation of the flavor structure.
The cross-sections are of the order of 1 fb and therefore likely to be discovered at
the LHC. The presence of both types of processes is an indication for lepton flavor
violation that is connected with neutrino physics.

To conclude, we have presented how extensions of the seesaw mechanism that
are also possible in a supersymmetric framework can be implemented. This does
not require couplings smaller than O(107%). We obtain a structure with some
similarities to the inverse seesaw model, but we do not have to introduce a small
lepton number violating parameter explicitly. Instead we obtain this term auto-
matically by partially integrating out some of the mediators. Since masses of the
mediators are below 1 TeV our models are potentially testable at the LHC. We
have also shown that the use of charged doublets as mediators makes it possible
to test lepton flavor violating processes at the LHC that are connected to neutrino
physics.
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A Couplings in the Lagrangian

From the superpotential Eq. (5.25), one can derive the corresponding coupling
terms of the Lagrangian.

A.1 Fermionic couplings

The part of the Lagrangian containing the fermions has been already discussed in
the last chapter.

Llermionic — v (61, Hy+ ¢L - Hy+éL - Hy) — Yn(NL - H, + NL- H, + NLH,)
— ki (N'€ - Hy+ N'¢ - Hy+ N'€ - Hy) + kp(N'€' - H, + N'€' - H, + N'¢ - H,)
— MyN'N — meé€' — pHPHS + h.c. (A1)

A.2 Scalar couplings
The couplings involving only scalars are also specified by the superpotential.

£ — _ Y (F,L-Hy+¢Fy-Hy+eL - Fy) +Yy(FyL-H, + NFLH, + YyNL- F,)
+ RI(FN’E' Hu +N,F£ . Hu +N/g Fu) — KJQ(FN/g/ . Hd"'N,Fg’ . Hd —|—ng . Fd)
+ mNﬁFN/ -+ mNFN]V' + mggFgl -+ mgFgg—l— /LFqu + ,U,HuFd + h.c.

(A.2)
The auxiliary fields can be determined using their equations of motion.

Fl =+L- H, (A.3a)

Fl = +Y.H, — YyNH, (A.3b)

Fl = —YyNL — ki N'€ — uH, (A.3¢)

Fi = +Y,eL 4 kyN'€ — pH, (A.3d)

Fl, = —-YyL-H, —myN' (A.3¢)

F]t,, = —/{15- H, + /{25’ -H; — mN]v (A.3f)

Fg — —iy)N'- H, — me€ (A.3g)

Fg, — +koN' - Hy — me€ (A.3h)
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A Couplings in the Lagrangian

A.3 The kinetic terms and gauge couplings

The kinetic terms introduce the coupling to the gauge bosons by replacing the
derivatives:

s —irte"D, L+ (D, L) (D"L)
+iNt'"D,N + (D, N)(D*N) +iN"'6*D, N’ + (D, N")' (D*N')
+i€16" D& + (D) (D) +1¢76" D& + (D) (D), (A4)
where

Dy = 0, +igW;i= +ig B, (A.5)

is the covariant Derivative of the SM.

So the N fields do not couple directly to the gauge fields. However the £ fields
do. Their couplings to the gauge bosons are similar to those of the SM lepton
doublet.

A coupling of the singlets to the gauge bosons can still be realized if the mixing
of the mass states is sufficiently high.

A.4 Gaugino couplings

When gauge couplings appear, also their supersymmetric counterparts, the gaug-
ino couplings, must be taken into account. They read

‘C%augino _ ﬂg(ZT . %LWa + WGT<LT . %z) _ ng . %ED%/)

—V2¢'(L'- LB+ BY LY - L) — gL' - LDp) (A.6a)
£ = Ig(@ - T+ Wei(e T8 — oft - T EDg)
~V2¢(§ (B + Bi(T- &) - ¢/& - EDp) (A.6b)
cgere = — vy T Wi D) - o8 TED)
~Va/@ B+ B¢ &) - g€ EDp) (A.6c)
The auxiliary fields are again determined by the equations of motion:
Dy, = g(fr 7oL + 5* . T“§+ E’T . T“E’) (A.7a)
Dp=g(Il-L+&.£+&.8) (A.TH)
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B Contributions to the sneutrino
mass

We will also have a closer look at the properties of the sneutrinos in our model.
This can be relevant for phenomenological reasons or for higher order effects.

B.1 Scalar potential

The terms in the scalar part of the Lagrangian (Eq. (A.2)) contribute to the
sneutrino mass terms after the Higgs fields have obtained a VEV. The relevant
terms are:

£ — Y2020 — Yaymyve N — Y202NTN — Yy g No — k202070
— K1kavquaE 1€ — Kymy v, NTE0 — ff%vﬁﬁ”ﬁ/ — mmgvzgwgo — kg€ N’
— k1hg0,0a€TEY — kIVIEVTEY — kimnvaNTEY — KZVINTN' — kymev€® TN’
o N — a0, N — md N — e N — 2180
— ramen, NTE — mZE Yy a0, N5 — s N — g, N
+ h.c. (B.1)

B.2 Soft-breaking terms

In analogy to Eq. (4.38) we can have bi- and trilinear couplings for the new fields
that break supersymmetry. These terms involve only the R = —1 components
of the supermultiplets and therefore violate SUSY. They must, however, conserve
the SM gauge symmetries. Therefore the possible soft-breaking terms are

soft __ o 2~t~ 2 arfar 2 ATHATY o 2¢0T¢0 28701 £10
L3 = —miv'v —mEN'N —mg, NN mgff mfﬁ 13

T (AYNUJN + A0, N+ A va€®N' + By NN' + B,,, £26° + h.c.)
(B.2)
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B Contributions to the sneutrino mass

B.3 D-terms

The relevant gaugino terms (from Eq. (A.6)) are

92 g/2 92N N g'2~ - g2~ -
LD =2 (5?51)% = 5 VWDp + Dy, — T D — MDY,

2
2 2 2 2 ”

+%5’°T§’0D3 _ %fugD%V 4 %ngB 4 %nggv _ %ngB)

o 1 3 \2 - 1 2

The D fields can be determined using their equations of motion. This leads to the
sneutrino mass contributions

Sz cos(20) (717 + &1 — E1EY), (B4
where m = (g2+)(vu/4)(sin )2 = (6%+9")(t/4)(cos ) and tan § = v, /g

B.4 The sneutrino mass matrix

In the basis ¢ = (7, N, N’,€0,€0) = ¢F + i¢! the sneutrino mass basis can be

decomposed to
2 R
Li(o" o) (]\ng j\?@) (i[) (B.5)

The matrix My is shown in Eq. (B.6). It will become relevant in the next section
when we discuss the possible generation of the neutrino flavor structure via loops
involving sneutrinos.
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B.4 The sneutrino mass matrix

71

‘pore[dwiod A[ROLIJoTAS 8¢ URD SOLIJUD JUR[(| O], XLIJRUI SSRUl OULIJNSUS 9 T,
Paty = Pw pue "aly = "w "aN{ = dul 910Uym

(9°a)
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