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Abstract

Modern elementary particle physics is based on quantum field theories. Cur-
rently, our understanding is that, on the one hand, the smallest structures of
matter and, on the other hand, the composition of the universe are based on
quantum field theories which present the observable phenomena by describing
particles as vibrations of the fields. The Standard Model of particle physics is a
quantum field theory describing the electromagnetic, weak, and strong interac-
tions in terms of a gauge field theory. However, it is believed that the Standard
Model describes physics properly only up to a certain energy scale. This scale
cannot be much larger than the so-called electroweak scale, i.e., the masses of the
gauge fields W± and Z0. Beyond this scale, the Standard Model has to be modi-
fied. In this dissertation, supersymmetric theories are used to tackle the problems
of the Standard Model. For example, the quadratic divergences, which plague the
Higgs boson mass in the Standard model, cancel in supersymmetric theories.

Experimental facts concerning the neutrino sector indicate that the lepton
number is violated in Nature. On the other hand, the lepton number violating
Majorana neutrino masses can induce sneutrino-antisneutrino oscillations in any
supersymmetric model. In this dissertation, I present some viable signals for
detecting the sneutrino-antisneutrino oscillation at colliders.

At the e−γ collider (at the International Linear Collider), the numbers of
the electron-sneutrino-antisneutrino oscillation signal events are quite high, and
the backgrounds are quite small. A similar study for the LHC shows that, even
though there are several backrounds, the sneutrino-antisneutrino oscillations can
be detected. A useful asymmetry observable is introduced and studied. Usually,
the oscillation probability formula where the sneutrinos are produced at rest is
used. However, here, we study a general oscillation probability. The Lorentz
factor and the distance at which the measurement is made inside the detector
can have effects, especially when the sneutrino decay width is very small. These
effects are demonstrated for a certain scenario at the LHC.
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Chapter 1

Introduction

The 1970s witnessed the emergence of what has become the Standard Model (SM)
of particle physics [4, 5, 6]. The SM is a theory which describes the interactions
of quarks and leptons that are the constituents of all matter that we are aware
of—excluding dark matter, of course. In this theory, the strong interactions are
described by quantum chromodynamics (QCD), while the electromagnetic and
the weak interactions have been synthesized into a single electroweak theory. The
SM has proven to be extremely successful in describing a formidable variety of
experimental data over many decades. The SM does, however, face some theo-
retical and experimental problems. Supersymmetric (SUSY) theories, which are
discussed in this dissertation, are one class of theories addressing these problems.

1.1 Background

In modern physics, particles and interactions are described by quantum field the-
ory. This does not imply that fields would somehow be more fundamental than
particles, but, instead, it is just such that, by using the field description, the ef-
fects of the quantization are much better understood. In quantum mechanics, a
physical state corresponds to a ray in Hilbert space, and observables correspond
to operators. This means that spatial displacement X is an operator, whereas
time t is considered just a parameter. Einstein’s special relativity requires, how-
ever, that time and displacement must be treated similarly. Regarding time as
an operator would lead to a continuous energy spectrum that is not bounded
from below. Then, it would be impossible to have discretized energy levels with a
minimum energy. If, instead, the displacement is reduced to be a mere parameter
x, then a dynamical operator ψ = ψ(t,x), called a quantum field, is introduced.
Merging special relativity and quantum mechanics into a field theory results in a
highly useful tool for describing high-energy physics. This effective tool is called
quantum field theory (QFT).

The study of the relativistic wave equations was the starting point of quantum
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field theory. In the late 1920s, QFT got its early form: Dirac proposed a theory
for quantizing the electromagnetic field [7, 8]. This happened after the work done
by Schrödinger and several others. Because the fields that were being quantized
were wave functions of classical field theory, Dirac’s method was coined a second
quantization. However, nowadays, due to its close analogy with classical field
theory and mechanics, this method is known as the canonical quantization.

While doing the quantization, one is, in fact, implicitly choosing an inertial
frame by using a definite time coordinate. Therefore, the Poincaré invariance is
not manifest. Instead, at the end of the procedure, the Poincaré invariance must
always be checked. For example, in the case of non-Abelian gauge theories, this
can be quite tricky. Heisenberg and Pauli [9, 10], in 1929, applied the Lagrangian
formulation to the field quantization. According to them, the field equations are
derived by requiring the action to be stationary under the variation of the fields.
In classical physics, the idea of using variational methods is, in fact, very old.
It dates back to Fermat’s principle in optics in 1657 and Maupertuis’ principle
of least action1 in 1744 (and even further developed by Euler, Lagrange, and
Hamilton to whom the principle is closely related).

In the late 1940s, Richard Feynman generalized the action principle when he
wrote down his path integral formulation of quantum mechanics [11, 12, 13, 14,
15]. Further, this formalism is manifestly Lorentz invariant at all stages. When
this method is applied to electromagnetism, the theory of electromagnetic inter-
actions which is called quantum electrodynamics (QED) is obtained. By using
the operator formalism, the same result was independently derived by Schwinger
[16, 17, 18] and Tomonaga [19, 20]. Later on, the path integral formalism and
the operator formalism were shown to be equivalent by Freeman Dyson [21, 22].
In addition, from Dyson’s analysis, one was able to infer a criterion for deciding
which quantum field theories are “renormalizable,” in the sense that all infini-
ties can be absorbed into a redefinition of a finite number of coupling constants
and masses. For predictability, the importance of renormalizability is apparent:
the renormalizable theories can be expressed with the help of a finite number of
parameters, and all other quantities of the theory can be predicted using these
parameters.

Quantum electrodynamics, as electrodynamics, is based on a U(1)-symmetry.
Similarly, for the weak and strong forces, a gauge symmetry can be found. When
these gauge symmetries are combined, the Standard Model of particle physics is
formed. Evidently, symmetries play a crucial role in the developement of physical
theories, since symmetries imply conservations laws. This is known as Noether’s
theorem, which, in QFT, can be stated as: there exists one or more conserved
quantities (currents) if the action is invariant under some group of transforma-
tions. This means that a theory with a set of conservation laws is equivalent to

1In the view of calculus of variations, the “principle of extremal action” would be more
correctly stated; physicists tend to take some short cuts when one is talking about mathematics.
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finding an action invariant under some set of transformations.

In quantum field theory, we are especially interested in the symmetries of the
ground state of the system, because it is the excitations of the ground state that
are identified as particles. If the symmetry transformation that leaves the equa-
tions of motion invariant is labeled by a continuous parameter, then there will,
in general, be a continuous infinity of ground states. How can one, then, tell
which ground state should be chosen to build the spectrum of excitations upon?
Perhaps surprisingly, the answer is that it does not matter. It is, however, im-
portant to note that, once this choice is made, and once the Lagrangian (or the
Hamiltonian) is expressed in terms of fields whose quanta correspond to excita-
tions about any one particular ground state, the original symmetry of the action
is not always manifest. If not manifest, then the underlying symmetry is “hidden”
and is generally referred to as being spontaneously broken.

Naturally, high-energy particle physics experiments are carried out in particle
accelerators. Nowadays, these experiments are huge enterprises that are con-
ducted by joint organizations. The most important collider at the moment is
the Large Hadron Collider (LHC) of CERN (European Organization for Nuclear
Research). The LHC is the world’s largest and highest-energy particle accelerator
which is intended to collide opposing particle beams of either protons at an energy
of 7 TeV per particle or lead nuclei at an energy of 574 TeV per nucleus. Un-
til 2010, the most important (proton-antiproton) collider has been the Tevatron,
even though its center of mass energy is only 1.96 TeV. There are also plans to
build linear colliders in the future. For this dissertation, the International Linear
Collider (ILC) is of interest.

1.2 The Standard Model

The Standard Model of particle physics provides a quantitative description of
elementary particles and forces of Nature. It is a theory successful in describing
three of the four known fundamental forces: the electromagnetic, weak, and strong
force.

Obviously, the conservation laws as such are not enough to form the structure
of a proper theory. Interactions between the particles must also be described by a
particle physics theory that is physically meaningful. In 1961, it was proposed by
Salam and Ward [23] that, by making local gauge transformations on the kinetic
terms of all particles in the free Lagrangian, the interaction terms of the strong,
weak, and electromagnetic interactions may be generated. This is known as the
so-called gauge principle.

Gauge invariance means that, in a certain type of local transformations of
the fields, the physics remains the same. Namely, in field theory, the so-called
gauge fields which have certain transformation properties can be introduced to
the model. These gauge field transformations are such that they cancel the local
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Figure 1.1: Scalar potential of unbroken (on the left) and spontaneously broken
(on the right) models (more details in the text).

transformations exactly, and, therefore, the theory is said to be gauge invariant.

Photon is the gauge field of quantum electrodynamics. If the example of QED
is followed, it is possible to formulate the theory of weak interactions. This can be
done using gauge fields that mediate the weak force. This way, for example, the
unitarity violation problem of the four-fermion Fermi interaction can be avoided.
While the photon of QED is massless, the intermediate gauge bosons of the weak
force should be massive. However, the insertion of the mass terms of the gauge
bosons or the fermions to the Lagrangian is forbidden by the gauge invariance.
Therefore, there is a need for some specific mechanism that generates the masses.
The method for achieving this is to break the local symmetry spontaneously. This
is known as the Higgs mechanism [24, 25, 26].

The principal idea of the Higgs mechanism is that the minimum of the scalar
potential occurs at a non-zero vacuum expectation value (VEV) of the Higgs
field. As a result, a lower total energy density than for a zero Higgs field VEV
is achieved. This can be illustrated by a potential V (h) = m2h2 + λh4 ⊂ −L

with λ > 0. If m2 > 0, the minimum is zero at the zero of the Higgs field, and
the symmetry is unbroken. However, if m2 < 0 (and, as mentioned, λ > 0), the
minimum of the potential is not at the zero of the Higgs field, but it is rather at
h2 = −m2/2λ, and the symmetry is spontaneously broken. These two different
possibilities are illustrated in Fig. 1.1. Requiring m2 to be negative seems rather
unnatural at this point, and, in the SM, it is, in fact, introduced “by hand” (ad
hoc) for this purpose. However, as can be seen later on, this condition is naturally
achieved in supersymmetric models.

As one might assume, the Higgs field has couplings (at the tree level) with the
other particles of the theory, especially with the gauge fields. Assuming that the
expectation value of the Higgs field is non-zero, the coupled terms do not vanish
at the minimum of the potential, but, instead, they give contributions to some
gauge field terms. It turns out that, in fact, the gauge fields acquire mass, which
is remarkable. In a similar manner, the masses for the fermions (except neutrinos)
are generated by the Higgs mechanism. The generation of these masses is done
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in a renormalizable way, and, hence, the predictability of the model is preserved.
Namely, in a spontaneously broken gauge theory, the symmetry is, in a sense, still
present; it is merely “hidden” by our choice of the ground state, and the theory
can be shown to remain renormalizable.

Compared to the other SM particles, the Higgs particle is fundamentally dif-
ferent. First and foremost, it is the only scalar particle in the SM, and, hence, it is
also called the Higgs boson. The reason for introducing this particle to the theory
is to trigger the spontaneous electroweak symmetry breaking. It is extraordinary
that, by combinining the idea of local gauge invariance with the spontaneous
symmetry breaking through the Higgs mechanism, it is possible to consistently
formulate the theories for electromagnetic and weak interactions.

As mentioned earlier on, the Standard Model is a gauge theory that combines
the electromagnetic, weak, and strong interactions to a single model. It is known
that, under a certain set of gauge transformations, this model is invariant. To be
more exact, the gauge group of the Standard Model is SU(3)C ×SU(2)L×U(1)Y ,
where the subscript C denotes the colour force of strong interactions (QCD), L
denotes the left-chiral weak interactions, and Y denotes the weak hypercharge.
Three families of quarks and leptons, which are all spin-12 particles, i.e., fermions,
form the matter content of the Standard Model. These particles are divided into
SU(2)L doublets QL and LL. Here, QL contains the left-handed quarks, whereas
LL contains the left-handed leptons. The right-handed fields are, on the other
hand, put into SU(2)L singlets eR, uR, and dR (note that, in the Standard Model,
there are no right-handed neutrinos).2 When the gauge principle is imposed,
the intermediate gauge bosons which mediate the interactions between particles
emerge. In this model, the kinetic energy terms for the three SU(2)L gauge
bosons, W i

µ (i = 1, 2, 3), and for one U(1)Y gauge boson, Bµ, can be written as
[27]

Lkin. = −1

4
W i

µνW
µνi − 1

4
BµνB

µν , (1.1)

where the gauge field strengths are defined as

W i
µν = ∂µW

i
ν − ∂νW

i
µ + gεijkW j

µW
k
ν , (1.2)

Bµν = ∂µBν − ∂νBµ. (1.3)

In Eq. (1.2), the quantity εijk is a totally antisymmetric tensor where i, j, k are
SU(2) indices. The Higgs boson has the kinetic and potential terms

LH = (Dµϕ)†(Dµϕ)− (µ2|ϕ†ϕ|+ λ|ϕ†ϕ|2), (1.4)

2The QCD and QED couplings of fermions are vectorial, because their left- and right-handed
components are assumed to have the same charge.
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where the covariant derivative Dµ is defined as3

Dµ = ∂µ − i
g

2
σ ·Wµ − i

g′

2
BµY, (1.5)

with σi (i = 1, 2, 3) being the Pauli matrices (see Appendix A.1). The fermion
mass terms come from the Yukawa interactions of the form

Lf = −λeL̄LϕeR − λdQ̄LϕdR − λuQ̄Lϕ
cuR +H.c. (1.6)

Here, the terms are in family space, the Yukawa couplings are 3×3 matrices, and
ϕc = iσ2ϕ∗. The kinetic terms for the fermions are of the form if̄γµDµf . In this
expression, f stands for each fermion multiplet and Dµ is the appropriate part
of the covariant derivative (note that, for the right-handed fields, the SU(2) part
is absent; in addition, the quantities γµ are the Dirac gamma matrices, see, e.g.,
[27]). Similarly, the SU(3)C interactions can be included.

The gauge bosons and fermions acquire mass after the electroweak symmetry
SU(2)L ×U(1)Y has been spontaneously broken by the Higgs mechanism. Then,
there are three massive weak gauge bosons: one neutral, Z0, and two charged,
W±, bosons. After the electroweak symmetry breaking, there, however, remains a
symmetry. This residual U(1)em-symmetry is observed as the electric charge of the
particles. The gauge boson associated with this residual symmetry, the photon,
remains massless. Since the Higgs field gives masses to three gauge bosons, the
simplest way to achieve these three masses, as already assumed in previous equa-
tions, is to use a single complex SU(2)L doublet ϕ of spin zero fields. The physical
Higgs boson, which is left over as the relic of the spontaneous symmetry breaking,
is the remaining fourth degree of freedom.4 Even though the Higgs mechanism is
able to explain the gauge boson masses, the Yukawa couplings, on the contrary,
are, in principle, arbitrary parameters. Therefore, the Higgs mechanism does not
provide any fundamental understanding of the origin of the fermion masses. On
the other hand, also the Higgs boson mass in the SM, mH =

√

−2µ2 =
√
2λv2,

contains a free parameter (µ or λ; v ≈ 246 GeV is the VEV of the Higgs field,
fixed by the weak interaction (with a certain normalization)), so the theory does
not give any actual prediction of the Higgs boson mass either.

In the Standard Model, the Higgs boson is the only particle that has not been
observed at experiments. There are high hopes that the Tevatron or the LHC
would be able to discover the Higgs boson. Even though the theory does not
predict the exact mass of the Higgs boson, this mass is, however, theoretically
restricted in many different ways. One restriction is unitarity which means here

3Different choices for the gauge kinetic energy (in Eqs. (1.1) and (1.2)) and the covariant
derivative (Eq. (1.5)) depend on whether g and g′ are chosen positive or negative. However, as
one might expect, there is no physical consequence of this choice.

4After the electroweak symmetry breaking, the Higgs boson has 1, Z0 and W± bosons have
9, and the photon has 2, i.e., altogether 12 degrees of freedom (which is the same as before the
electroweak symmetry breaking).
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that the interactions between particles must be unitary, and this sets bounds to
the scattering amplitudes [28, 29, 30, 31]. At the tree level, the unitarity bound
for the Standard Model Higgs boson is given as [32, 33]

m2
H ≤ 8π

√
2

5GF
≈ (780 GeV)2, (1.7)

given by the scattering of vector bosons. When the one-loop effects are taken into
consideration, the Higgs boson mass is pushed as low as mH . 350 GeV [34]. It
is, in fact, feared that, if the LHC does not find any signs of the Higgs boson,
unitarity and the unitarity bounds are violated, and the perturbation theory is
no longer a reliable way of calculating physical processes. In this case, the SM
is not a complete perturbation theory any longer; something else will replace the
Higgs sector.

The so-called triviality bound, which means that the theory is required not
to be trivial, is another bound that can be imposed. The Higgs self-coupling λ
changes with the energy scale, and this change is dictated by the renormalization
group equations (RGEs). It is argued that a pure λϕ4 theory is trivial in the
sense that, as the energy scale increases, the coupling constant eventually “blows
up;” the point of divergence is known as the Landau pole. In other words, if the
coupling λ has a finite (positive) value at the high-energy scale, then the cou-
pling constant at the low-energy scale vanishes, therefore suppressing interactions
(hence, the name ‘trivial’). In the SM, there are, however, more terms that con-
tribute to the running of the quartic coupling λ, and, therefore, the requirement
of the model not being trivial sets bounds to the parameters that are involved.
The bound obtained this way for the Higgs boson mass is mH . 200 GeV if the
SM stays perturbative up to the grand unification scale [35].

Yet an additional bound can be obtained by requiring that the scalar potential
is bounded from below, or, in other words, that the coupling λ is positive. In the
SM, the quartic coupling beta function receives a negative contribution from the
top Yukawa coupling. For a large top mass mt, it is possible that the coupling
λ becomes negative. In that case, the scalar potential could be negative, V < 0,
implying that the vacuum would no longer be the true minimum of the potential,
i.e., V (λ) < V (v). Requiring that the scalar potential is bounded from below
gives a lower bound on the couplings and, thus, also on the Higgs boson mass.
The vacuum stability requires that mH > [127.9+1.92(mt−174)−4.25(αs(mZ)−
0.124)/0.006] GeV if the SM is valid up to the (reduced) Planck scale 1018 GeV
[36] (see also [37]). In the previous expression, αs is the strong coupling constant.
Assuming that some new physics, e.g., supersymmetry, emerges at the scale of
1 TeV, the bound is weakened to mH > [52 + 0.64(mt − 175) − 0.50(αs(mZ) −
0.118)/0.006] GeV [38]. The LEP Collaboration and the Particle Data Group
give a combined experimental limit on the SM Higgs boson mass as mH > 114.4
GeV with 95% confidence level [39, 40]. The Tevatron excludes the mass range
158 < mH < 173 GeV [41].
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The SM parameters, with the evident exception of the Higgs boson mass, have
been measured to a great accuracy, whereas, on the other hand, the large number
of free parameters, which have been introduced to the model “by hand,” can be
considered a disadvantage. One way of thinking about this is that there is some
more fundamental theory where all the other parameters have a common origin.
This view has inspired a variety of grand unified theories (GUTs).

The SM does, however, suffer from some experimental and theoretical prob-
lems. One important technical problem of the SM is the hierarchy problem
[42, 43, 44]. This means that the Higgs boson (and, in principle, also all the
other hypothetical fundamental scalars of the model) receives unacceptably large
radiative corrections to its mass term, since, in the SM, there is no such symme-
try that would issue cancellations to the scalar mass corrections. Avoiding these
large corrections would lead to an extensive fine-tuning of the parameters. This is
referred to as the gauge hierarchy problem (or the naturalness problem), because
it is related to the two fundamental energy scales that are present in Nature: one
is the electroweak scale around 100 GeV, the other is the (reduced) Planck scale
around 1018 GeV. The Planck scale MP is the energy scale where gravity cannot
be neglected anymore in the particle interactions. In supersymmetry where there
are additional scalars, the quadratically divergent parts exactly cancel (assuming
a certain relation for the fermion and scalar couplings), and the hierarchy problem
is solved elegantly.

Another problem the SM suffers from is that the SM tells that the neutrino
masses are exactly zero, mνi = 0 (i = e, µ, τ). To be more exact, there are no right-
handed neutrinos in the SM which means that there cannot be any Dirac mass
terms for the neutrinos. Moreover, having only the SM Higgs doublet means that
there can be no Majorana mass terms for the neutrinos either. The dimension-
five operators, which possibly could generate the neutrino masses, would spoil
the renormalizability of the SM. However, the present data from the solar and
atmospheric neutrino experiments contain compelling evidence that neutrinos do
have tiny non-zero masses (for a recent review on neutrino physics, see, e.g., [45]
and the references therein; see also [40]). Hence, clearly, the indication of non-
zero neutrino masses means that there exists some beyond the SM (BSM) physics.
Other experimental arguments that, beyond any doubt, support BSM physics are
the existence of cold dark matter and a form of energy dubbed “dark energy”
[46]. In addition, an experimental fact is that gravity exists, but the SM does not
tell us anything about the force perhaps most evident in our everyday life, the
gravitational force.
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Chapter 2

Supersymmetry

Supersymmetry is an ingenious theoretical construct. It is a particular symme-
try that relates half-integer spin particles (fermions) to the integer spin particles
(bosons). The supersymmetry transformations turn fermion fields to boson fields
and vice versa. Hence, in a supersymmetric theory, the equations of motion of the
underlying model remain unchanged if one can exchange boson fields to fermion
fields. Therefore, the bosons and fermions have the same couplings to gauge
bosons.

Supersymmetric models are very appealing, for many reasons, when one is
considering beyond the Standard Model physics. In supersymmetric theories, the
problem of the Higgs boson fine-tuning (the gauge hierarchy problem discussed
shortly at the end of Section 1.2) is solved due to the systematic cancellations
of divergences. If one is to favour a grand unified theory, then one positive as-
pect is the gauge coupling unification at the scale of 1016 GeV. Under certain
circumstances, supersymmetry can also provide a good dark matter candidate.

However, originally, the hierarchy problem was not the historical motivation
for the development of SUSY in the 1970s. Instead, the attempt to add fermions
to the bosonic string theory resulted in a group algebra that included both bosonic
and fermionic operators [47, 48, 49, 50]. This superalgebra was defined on the
superstring world sheet. Some years later, Wess and Zumino [51] generalized the
idea of supersymmetry to the quantum field theories in four space-time dimen-
sions. In addition, they realized [52] that supersymmetry is a way to circumvent
the Coleman-Mandula theorem [53] which is a no-go theorem stating that the only
conserved quantities, apart from the generators of the Poincaré group in a consis-
tent quantum field theory, must always be Lorentz scalars. In 1971, Golfand and
Likhtman [54], independently of the developement of string theory, had extended
the Poincaré group to a superalgebra, and they used it to construct supersym-
metric field theories in four space-time dimensions. In their model, they had a
massive photon and a photino (spin-12 partner of the photon), a charged Dirac
spinor, and two charged scalars (spin-0 particles). After the work of Golfand and
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Likhtman, Volkov and Akulov made an attempt to associate the massless fermion,
which appeared because of the spontaneous symmetry breaking, with the neutrino
[55, 56]. In 1973, Volkov and Soroka considered the super-Higgs mechanics, and
they gauged the super-Poincaré group [57], which can be regarded as an early
attempt of supergravity.

2.1 Supersymmetry algebra and superfields

The Poincaré group P is formed by combining rotations, boosts, and translations.
Its generators satisfy the commutation relations

[Pµ, Pν ] = 0, (2.1)

[Mµν , Pλ] = i(ηνλPµ − ηµλPν), (2.2)

[Mµν ,Mρσ ] = −i(ηµρMνσ − ηµσMνρ − ηνρMµσ + ηνσMµρ), (2.3)

where ηµν is the Minkowski metric defined in the Appendix A.1. If one has an
internal symmetry group G with generators Tr which satisfy the algebra

[Tr, Ts] = ifrstTt, (2.4)

and if one combines this group with the Poincaré group, then the Coleman-
Mandula theorem states that any Lie group leading to non-trivial physics must be
a direct product of these.1 To phrase it differently, the generators of the Poincaré
group commute with the internal symmetry group,

[Pµ, Ts] = 0 = [Mµν , Ts]. (2.5)

By introducing the concept of the graded Lie Algebra [58] which means that,
in addition to commutation relations, there are also anticommutation relations
between the generators, the restrictions of the Coleman-Mandula theorem can
be avoided. The supersymmetry algebra is, hence, required to have a Z2 graded
structure. This simply means that the even (bosonic) and odd (fermionic) gener-
ators satisfy the relations

[even, even] = even,

{odd, odd} = even, (2.6)

[even, odd] = odd.

The relations in Eq. (2.5) are still valid, because the even (bosonic) subgroup must
obey the Coleman-Mandula theorem. For the SUSY generators, a Weyl spiror Q

1An assumption of the theorem is that there is a mass gap between the vacuum and one-
particle states. In the case of there not being a mass gap, the combined Lie group could be a
direct product of the conformal and the internal group.

10



and its conjugate Q̄ are the simplest choice. These fermionic generators satisfy
the algebra [59, 60]

{Qα, Qβ} = 0 = {Q̄α̇, Q̄β̇}, (2.7)

{Qα, Q̄β̇} = 2σµ
αβ̇
Pµ, (2.8)

where the indices α and β take values 1 or 2, and σµ = (1, σi), where σi are the
Pauli matrices (see Appendix A.1). Similarly, we have

[Qα, Pµ] = 0 = [Q̄α̇, Pµ], (2.9)

[Qα,Mµν ] = i(σµν)α
βQβ, (2.10)

[Q̄α̇,Mµν ] = i(σ̄µν)
α̇
β̇Q̄

β̇. (2.11)

This is known as simple, or N = 1, supersymmetry, for which there is only one su-
persymmetric generator. Now, the internal group G has non-trivial commutation
relations with the fermionic part of the supersymmetry group, thereby avoiding
the Coleman-Mandula theorem. If there are several supercharges Qn, then the
SUSY algebra is called N -extended supersymmetry (where N > 1).

An immediate and important consequence of Eq. (2.8) is that the vacuum
energy is always non-negative. Namely, using Eq. (2.8), the Hamiltonian of the
supersymmetric theory can be written as

H ≡ P 0 =
1

4
(Q1Q̄1̇ + Q̄1̇Q1 +Q2Q̄2̇ + Q̄2̇Q2), (2.12)

which is a sum of squares of hermitian operators, therefore implying non-negative
eigenvalues. If the vacuum is unique and supersymmetric, i.e., Qα|0〉 = 0 =
Q̄α̇|0〉, then the vacuum energy is necessarily equal to zero by Eq. (2.12). If the
vacuum breaks supersymmetry, meaning that there is at least one generator which
does not annihilate the vacuum, then the vacuum energy is necessarily positive.
Thus, global supersymmetry can be broken (spontaneously) only if there is a
positive vacuum energy, or, put in other words, there is a potential with a positive
vacuum expectation value, i.e., 〈V 〉 > 0.

Another important consequence of the supersymmetry algebra is that, if su-
persymmerty is not broken, the particles in the same supermultiplet have the same
mass. That is to say, using [Qα, Pµ] = 0 of Eq. (2.9), we get that [Qα, P

2] = 0,
where P 2 = PµP

µ is the mass squared operator, thus giving the same mass
squared for the particles that Q acts on.

When one is constructing supersymmetric theories, it is very useful to employ
the formalism of the so-called superspace [61, 62]. In such a space, in addi-
tion to the usual space-time (bosonic) coordinates, there are four anticommut-
ing (fermionic) coordinate dimensions that are represented by the Grassmann

variables θ1, θ̄1̇, θ2, and θ̄2̇. A superfield is a field that depends on all the co-
ordinates of the superspace. Every superfield S(x, θ, θ̄) can be expanded with
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respect to the Grassmann coordinates, and the expansion terminates, since the
second (and, hence, any higher) power of the Grassmann variable vanishes, i.e.,
θαθα = −θαθα = 0. The coefficients of the expansion are ordinary fields. The
component fields form supermultiplets when one is imposing constraints on the
superfields that are covariant under the supersymmetry algebra. Supermultiplets
are irreducible representations of the supersymmetry algebra.

The action of the supersymmetry algebra on a superfield is generated by

Pµ = i∂µ, Qα =
∂

∂θα
− iσµ

αβ̇
θ̄β̇∂µ, Q̄α̇ = − ∂

∂θ̄α̇
+ iθβσµβα̇∂µ. (2.13)

This is a linear representation of the supersymmetry algebra. The group element
of a finite transformation is given by

G(xµ, ξ, ξ̄) = ei(ξQ+ξ̄Q̄−xµPµ). (2.14)

In order to find irreducible representations, one can define the covariant fermionic
derivatives as

Dα =
∂

∂θα
+ iσµ

αβ̇
θ̄β̇∂µ, D̄α̇ = − ∂

∂θ̄α̇
− iθβσµβα̇∂µ. (2.15)

These anticommute with the fermionic generators Qα and Q̄α̇ of Eq. (2.13). Thus,
the covariant derivatives Dα and D̄α̇ of Eq. (2.15) commute with ξQ+ ξ̄Q̄, which
occurs in supersymmetry transformations, as in Eq. (2.14). This makes it possible
to apply the covariant condition on a superfield (which is invariant under the
supersymmetry group)

D̄α̇S = 0. (2.16)

A superfield that obeys this condition is called a chiral superfield. Occasionally,
it is also called a left-chiral superfield or a scalar superfield. Any chiral superfield
Φ can be expressed as a function of θ and yµ = xµ + iθσµθ̄. Hence, expanding
Φ(y, θ) in powers of the two-component Grassmann variable θ gives

Φ(yµ, θ) = ϕ(yµ) +
√
2θαψα(y

µ) + θαθβεαβF (y
µ). (2.17)

Here, the quantity εαβ is the antisymmetric tensor in two dimensions, ϕ and F
are complex scalar fields, and ψ is a left-handed Weyl spinor field. In terms of
the original variables, Φ can be written as

Φ(xµ, θ, θ̄) = ϕ(xµ) +
√
2θψ(xµ) + θθF (xµ) + i∂µϕ(x

µ)θσµθ̄

− i√
2
θθ∂µψ(x

µ)σµθ̄ − 1

4
∂µ∂

µϕ(xµ)θθθ̄θ̄, (2.18)

where the spinor indices have been suppressed. The summation convention is such
that, for the undotted indices, the first one is up and the second one down. For
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the dotted indices, the first one is down and the second one up. The name ‘left’-
chiral superfield is now evident, because Eq. (2.18) depends on the left-handed
spinor ψ. The conjugate superfield Φ† satisfies the constraint (“analogous” to Eq.
(2.16))

DαΦ
† = 0, (2.19)

and, hence, it is correspondingly called a right-chiral superfield, since it depends
on the right-handed spinor ψ̄. Chiral superfields contain spin-12 particles and their
superpartners.

In addition to the chiral superfields containing matter multiplets, vector fields
are needed in a realistic model. Vector superfields are found by imposing the
reality condition on a general superfield, i.e.,

V (x, θ, θ̄) = V †(x, θ, θ̄). (2.20)

In particular, the product Φ†Φ obeys this condition. The vector superfield V can
be represented in the component form as

V (x, θ, θ̄) = θσµθ̄Vµ(x) + iθθθ̄λ̄(x)− iθ̄θ̄θλ(x) +
1

2
θθθ̄θ̄D(x), (2.21)

where the so-called Wess-Zumino gauge [51, 52, 63] has been used to remove
unphysical degrees of freedom. The ordinary gauge freedom is, however, not
yet fixed, and expanding egV would lead to a mass term for the gauge field.
In fact, under the supersymmetry transformations, Wess-Zumino gauge is not
invariant. There is, however, a way to circumvent this. One needs to define
a combined transformation which consists of a supersymmetry transformation
followed by an extended gauge transformation. This is called the de Wit-Freedman
transformation [64]. In general, vector superfields contain gauge bosons and their
superpartners.

2.1.1 Lagrangians

The Lagrangian density itself cannot be invariant under supersymmetric transfor-
mations. The action can, however, still be supersymmetric, provided that δL is a
total divergence which vanishes after the space-time integration. In order to con-
struct invariant actions this way, the supersymmetry transformation properties of
the chiral and vector fields need to be known.

In general, the supersymmetric Lagrangian L (without the gauge fields) has
the form

L =
∑

i

[Φ†
iΦi]D + ([W (Φ)]F +H.c.), (2.22)

where D and F refer to the D-term and the F -term, respectively, the meaning of
which will become apparent soon, and W (Φ) is referred to as the superpotential.
The superpotential must involve only up to the third power of the left-chiral
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superfields Φi in order to obtain a renormalizable Lagrangian.2 Note that the
superpotential W (Φ), as denoted, does not contain any products of right-chiral
superfields; the right-chiral fields enter through the hermitian conjugation in Eq.
(2.22).

For the chiral superfield (2.18), the desired divergence which makes the action
invariant is found from the transformation of the F -term, i.e., the coefficient of
the θθ term,

δξF = −i
√
2∂µψ

ασµαα̇ξ̄
α̇. (2.23)

Since Q, Q̄ and D, D̄ are linear operators on superspace, it is obvious that any
polynomial function of left-chiral (right-chiral) superfields is again just a left-chiral
(right-chiral) superfield. Thus, and as already mentioned before, supersymmetric
invariant actions can be constructed by extracting the F -terms from the superpo-
tential W (Φ) which contains products of three left-chiral superfields at the most.
The most general superpotential can, then, be written as

W (Φ) =
1

2
mijΦiΦj +

1

3
λijkΦiΦjΦk, (2.24)

where the tadpole term linear in Φ has been neglected and mij and λijk are real
and symmetric. The linear term can be later on used to break supersymmetry.
Worth noting here is that the superpotential W (Φ) does not contain any deriva-
tives, so it is analytic with respect to the left-chiral superfields.

Similarly, for the vector superfield of Eq. (2.21), the total divergence is found
from the transformation of the D-term, i.e., the coefficient of the θθθ̄θ̄ term,

δξD = ∂µ(λσ
µξ̄ − ξσµλ̄). (2.25)

Thus, vector superfields can appear in the Lagrangian via D-terms. An important
term that can be added to the Lagrangian this way is, as already shown in Eq.
(2.22), the D-term of the Φ†Φ which gives the kinetic terms of the component
fields. As a side note, it can be observed that the transformation of the D-term
of a general superfield (e.g., a superfield constructed by multiplying both left-
and right-chiral superfields and their superderivatives) is also a total derivative,
but a physically meaningful action can, however, be constructed only from vector
superfields.

The tree-level effective scalar potential comes from the D-term of the “kinetic
term”3 Φ†Φ, and it reads

V = F †
i Fi ≡ |F |2. (2.26)

2The product of three superfields has a dimension three. Since the F -term of a superfield
has one dimension more, three is the highest number of products of superfields which produces
a dimension-four Lagrangian.

3The quation marks are used here, because not only does the D-term of Φ†Φ give the kinetic
terms of the component fields, but it also gives the scalar potential, which is remarkable.
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The field equation for the field Fi is

F †
i = −mijϕj − λijkϕjϕk = −∂W (ϕ)

∂ϕ
. (2.27)

There are no derivative terms in this field equation, so the F -field is auxiliary,
and it can be removed from the Lagrangian using the field equation (2.27) and

the field equation for the field F †
i . The W (ϕ) means that, in the superpotential,

Φi’s are replaced by ϕi’s from Eq. (2.18). The scalar potential of Eq. (2.26) is a
square of an absolute value, and, hence, it is positive semi-definite and, as such,
bounded from below. Using the field equation (2.27) and the field equation for

the field F †
i , the scalar potential can be written as

V =

∣

∣

∣

∣

∂W (ϕ)

∂ϕ

∣

∣

∣

∣

2

, (2.28)

that is to say, the scalar potential can be obtained from the superpotential. Ac-
tually, the results (2.26) and (2.27) hold for any superpotential W (Φ), not just
for the renormalizable form of Eq. (2.24), provided that the “kinetic term” in the
Lagrangian is of the minimal form [Φ†Φ]D of Eq. (2.22), and that there are no
interactions coupling the chiral superfields to other fields.

The coupling of the gauge superfields to the chiral (matter) superfields can be
obtained by a supersymmetric version of the minimal coupling,

Φ†Φ → Φ†e2gT
aV a

Φ, (2.29)

where V a are the vector superfields containing the non-Abelian vector bosons be-
longing to the adjoint representation of the non-Abelian group. Chiral superfields
can be constructed from a vector superfield by using the derivatives Dα and D̄α̇

of Eq. (2.15). The superfield obtained in this manner is called the field strength
superfield, and it is given by

Wα = D̄2e−2gTaV a
Dαe

2gT bV b
. (2.30)

In the case of an Abelian gauge symmetry, this simply reduces to Wα = D̄2DαV .
Since D̄β̇D̄γ̇D̄δ̇ = 0 automatically, we clearly get D̄β̇Wα = 0, which means that
Wα is a left-chiral superfield. Because a product of left-chiral superfields is again
a left-chiral superfield, it is possible to construct gauge kinetic terms by including
the F -term of the square of the field strength superfield to the Lagrangian.

Gathering all this information together, a general version of a (renormalizable)
supersymmetric Lagrangian can be written in the form

L =

∫

d2θd2θ̄ Φ†
ie

2gTaV a
Φi +

[
∫

d2θ

(

1

64
W aαW a

α +W (Φ)

)

+H.c.

]

. (2.31)

Here, it is worth noting that integrating over the whole Grassmannian superspace,
as is done in the first term of the right-hand side of Eq. (2.31), is equal to taking
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the D-term. And integrating over the θθ-part, as is done in the second part (in
parentheses) of the right-hand side of Eq. (2.31), is equal to taking the F -term
of the integrand. These integrals over a fermionic space are known as Berezin
integrals [65]. Effectively, the Berezin integration is equal to taking a derivative,
and it can be characterized as

∫

dθαf(θ) = ∂θαf(θ). (2.32)

In the N = 1 supersymmetry, the derivative ∂θα can be replaced with Dα (or ∂θ̄α̇
with D̄α̇). By making this replacement, the derivation of the component form
Lagrangian becomes much easier than by expanding the superfields directly.

2.2 The Minimal Supersymmetric Standard Model

The simplest supersymmetric extension of the Standard Model is the Minimal
Supersymmetric Standard Model (MSSM) (for a review, see, e.g., [66]). It is
minimal in the sense that it contains the smallest number of new particle states
and new interactions consistent with phenomenology. In the MSSM, each Stan-
dard Model spin-12 fermion is accompanied with a pair of spin-0 bosons (called
sfermions), and each gauge boson with a corresponding superpartner (bino, winos,
and gluino). Since none of the SM fermions belongs to the adjoint representation
of SU(3)C ×SU(2)L×U(1)Y , the SM fermions cannot be identified as superpart-
ners of the SM gauge bosons. Hence, a new superpartner must be introduced for
each SM particle.

Particles in the same supermultiplet transform similarly under the gauge
group. Since it is known experimentally that the left-handed SM fermions are
in SU(2)L doublets and the right-handed fermions are in singlets, the physical
left- and right-handed SM fermions cannot be in the same supermultiplet. In
extended supersymmetry with N ≥ 2, a supermultiplet contains both left- and
right-handed fermions. Hence, it is thought that the low-energy supersymme-
try has to be N = 1 supersymmetry, although, using extended supersymmetries,
high-energy models might be constructed. Theories with N > 8 necessarily con-
tain particles that have spin-2 or higher, which is a problem, since it is difficult to
couple these particles to other particles in a consistent way. Therefore, the N = 8
theory is said to be a maximally extended supergravity theory.

Unlike in the SM, two chiral Higgs doublets are needed in the MSSM. First,
having SM-like terms ψ̄ψH† in the Lagrangian is forbidden, since the inclusion
of right-chiral superfields is not allowed in the superpotential, as discussed in
Subsection 2.1.1. Second, for up- and down-type quarks, the multiplets with
different weak hypercharges have different Yukawa couplings. Hence, two Higgs
doublets are needed. In addition, if there were only one Higgs doublet, there
would be a triangle gauge anomaly [67]. That is to say, the anomaly cancellation
of the SM is spoiled by adding superpartners to the model. By adding two Higgs
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Table 2.1: Chiral supermultiplets in the MSSM.

Supermultiplet spin 0 spin 1/2 SU(3)C , SU(2)L, U(1)Y

(s)quarks Q (ũL d̃L) (uL dL) ( 3, 2 , 1
6)

(×3 families) ū ũ∗R u†R ( 3̄, 1, −2
3)

d̄ d̃∗R d†R ( 3̄, 1, 1
3)

(s)leptons L (ν̃ ẽL) (ν eL) ( 1, 2 , −1
2)

(×3 families) ē ẽ∗R e†R ( 1, 1, 1)

Higgs(inos) Hu (H+
u H0

u) (H̃+
u H̃0

u) ( 1, 2 , +1
2)

Hd (H0
d H−

d ) (H̃0
d H̃−

d ) ( 1, 2 , −1
2)

Table 2.2: Gauge supermultiplets in the MSSM.

Supermultiplet spin 1/2 spin 1 SU(3)C , SU(2)L, U(1)Y

bino, B boson B̃0 B0 ( 1, 1 , 0)

winos, W bosons W̃± W̃ 0 W± W 0 ( 1, 3 , 0)

gluino, gluon g̃ g ( 8, 1 , 0)

doublets with opposite hypercharges, the anomaly cancellation is, again, restored.
The Higgs doublets also contain spin-12 doublets, higgsinos, in order to form the
Higgs supermultiplets. The chiral supermultiplets of the MSSM are shown in
Table 2.1, where the superpartner of the SM particle X is denoted by X̃. The
Higgs chiral multiplet Hd (in Table 2.1) has exactly the same gauge quantum
numbers as the chiral muliplet L. Naively, one might think that they could be
identified, but that would lead to a large violation of the experimental limits of
the mass of at least one neutrino, the violation of the lepton number, and the the
non-cancellation of the triangle anomaly [68].4

Clearly, the vector bosons of the SM must reside in gauge supermultiplets.
Their fermionic superpartners are generically referred to as gauginos. The gauge
supermultiplets of the MSSM are shown in Table 2.2.

The MSSM has the same gauge group structure as the Standard Model which

4Note, however, that, when R-parity, which will be discussed in Section 2.3, is violated, Hd

and L do not, in principle, differ from each other. Nevertheless, in this case, it is possible to
generate tiny masses, as experimentally observed, for the neutrinos (see, e.g., [69]).
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specifies the gauge interaction. However, the superpotential is not completely
specified by these gauge interactions. The most general superpotential of the
MSSM can be written as

WMSSM = ūyuQHu − d̄ydQHd − ēyeLHd + µHuHd +WB/ +WL/, (2.33)

where the gauge and family indices have been suppressed. The Yukawa coupling
matrices of leptons and quarks, yu, yd, and ye, are dimensionless, and they give
rise to quark mixing and to the masses of the quarks and leptons. The so-called
µ-term, µHuHd, yields both the higgsino mass terms and the mass squared Higgs
terms in the scalar potential. Since the scalar potential (2.26) is non-negative, ad-
ditional (negative) Higgs mass squared terms are needed to trigger the electroweak
symmetry breaking. In addition, these terms break supersymmetry. Finally, WB/

and WL/ are the baryon and lepton number violating parts of the superpotential,
respectively. Since B- and L-violating processes have not been observed exper-
imentally thus far, it is natural to assume that either of those terms gives an
extremely small contribution or they can be forbidden by a symmetry.

2.3 R-parity

In the Standard Model, the conservation of B and L are “accidental” symmetries,
since there are no possible renormalizable B- and L-violating Lagrangian terms.
As seen in the previous subsection, in a supersymmetric theory, it is possible to
include B- and L-violating terms in the superpotential. In addition, these terms
can be required to be gauge invariant and analytic in the chiral superfields, and
they are given by

WB/ =
1

2
λ′′ijkūid̄j d̄k, (2.34)

WL/ =
1

2
λijkLiLj ēk + λ′ijkLiQj d̄k + µ′iLiHu, (2.35)

where family indices i, j, k = 1, 2, 3 have been restored. The Eq. (2.34) violates
the baryon number by one unit, whereas the terms in Eq. (2.35) violate the
lepton number by one unit. If the λ, λ′, and λ′′ couplings were all included in
the Lagrangian, the lifetime of the proton woulde be extremely small unless these
couplings were very small.

The presence of the WB/ and WL/ can be prevented by introducing a discrete
global symmetry called R-parity [70, 71, 72, 73, 74] (for a recent review (on also
R-parity violation), see [75]) which is defined as

PR = (−1)3(B−L)+2s, (2.36)

where s is the spin of the particle. Now, all the sparticles (squarks, sleptons, gaug-
inos, and higgsinos) have a negative R-parity, PR = −1, while the SM particles
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have a positive R-parity, PR = +1. If R-parity is assumed to be exactly conserved,
a term in the Lagrangian is allowed only if the product of the R-parities of the
particles is +1, hence excluding the terms in (2.34) and (2.35). As a result, every
interaction vertex contains an even number of PR = −1 particles, i.e., sparticles.
With the assumption of R-parity conservation, an important consequence is that
the lightest supersymmetric particle (LSP) must be absolutely stable. Then, every
other sparticle must eventually decay into a state that contains an odd number of
LSPs (usually just one). In addition, in collider experiments, sparticles can only
be produced in even numbers (usually two-at-a-time), since, naturally, the initial
state contains only ordinary, PR = +1, particles.

While the conservation of R-parity might seem to be phenomenologically well
motivated by the proton decay constraints and the hope that the stable LSP
will provide a good dark matter candidate, there is, however, no good theoretical
argument for excluding renormalizable R-parity violating (RPV ) terms from the
superpotential. The MSSM would not suffer from any internal inconsistency if R-
parity conservation were not imposed. Furthermore, it is fair to ask why R-parity
should be exactly conserved, since the discrete symmetries in the SM (ordinary
parity P , charge conjugation C, time reversal T , etc.) are all known to be inexact
symmetries of Nature.

2.4 Breaking of supersymmetry

Since supersymmetric particles with masses equal to the masses of their Stan-
dard Model partners have not been observed experimentally, it is evident that, if
supersymmetry exists in Nature, it must be a broken symmetry.

As discussed in Section 2.1, if supersymmetry is unbroken in the vacuum state,
the vacuum has zero energy, and if supersymmetry is broken (spontaneously), the
vacuum has positive energy. As a result, whenever a supersymmetric vacuum
state exists as a local minimum of the scalar potential, it necessarily is also the
global minimum of the potential. This means that, if supersymmetry is assumed
to be broken, the scalar potential cannot have any supersymmetric minima.

It is possible for supersymmetry to be spontaneously broken if some of the
component fields of a superfield gets a non-zero vacuum expectation value. For
chiral superfiels, the only possible field that can acquire a VEV without breaking
Lorentz invariance is the auxiliary scalar field Fi [77, 78]. This method for super-
symmetry breaking is called F -term or Fayet-O’Raifeartaigh breaking. When the
field Fi gets a non-zero VEV, the global symmetry is broken and a massless Gold-
stone fermion, goldstino, appears. The goldstino is a fermionic equivalent of the
massless Goldstone boson which appears via the Goldstone mechanism [79] when
a global symmetry (with bosonic generators) is broken. Potentially, the gold-
stino can present a problem for globally supersymmetric theories. Hovewer, when
global supersymmetry becomes local supersymmetry in supergravity theories, the
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Goldstone fermion is “eaten” by the gravitino to give the gravitino a mass, just as
Goldstone bosons are “eaten” by gauge fields when an ordinary global symmetry
becomes a (local) gauge symmetry.

Even if supersymmetry is broken by F -term, the chiral superfields obey the
tree-level relation [76]

STrM2 ≡
∑

particles

(−1)2J (2J + 1)m2
J = 0, (2.37)

where mJ is the mass associated with the field of spin J and STrM2 is the
so-called supertrace which is a spin-weighted sum taken over the squared mass
matrix of the real fields. For example, for the electron supermultiplet, we get
−2m2

e +m2
ẽ1
+m2

ẽ2
= 0, which means that one of the selectrons is lighter than or

equal to the mass of the electron. Experimentally, this is not possible, since the
charged superpartnerts that are lighter than the corresponding Standard Model
fields would have been very easy to detect. Hence, the obvious conclusion is that
supersymmetry, if it exists, is, indeed, a broken symmetry. This is in accordance
with the fact that particles in the same supermultiplet have the same mass. When
this is applied to the Higgs boson mass correction formula (not discussed in detail
here), it can be seen how supersymmetry removes the instability of the scalar
mass radiative corrections.

Any superpotential of the form (2.24) that does not contain terms linear in
the superfields can never produce spontaneous supersymmetry breaking, because
one can always find a field configuration with a supersymmetric minimum by
setting the VEVs of ϕi in Eq. (2.27) to zero. The superpotential (2.24) may be
generalized to include terms linear in the superfield by writing

W (Φ) = fiΦi +
1

2
mijΦiΦj +

1

3
λijkΦiΦjΦk. (2.38)

Even then, supersymmetric minima of the scalar potential arise, except for care-
fully chosen numbers of superfields and values of coefficients in (2.38). In this
case, the superfields Φi that appear in the linear term must be gauge singlets in
order not to break gauge symmetries.

For the vector superfields, the possible field that may get a VEV is the field
D(x) of Eq. (2.21). Again, this is stated by the requirement of Lorentz invariance.
This method for supersymmetry breaking is called D-term or Fayet-Iliopoulos
supersymmetry breaking [80]. For a gauge theory which includes the U(1) gauge
group, this kind of breaking is very useful. In this case, the VEV that resides in the
vectorial supermultiplet is a gauge singlet with respect to the other gauge groups
(in N = 1 supersymmetry, the U(1)-symmetry is called R-symmetry which is
an internal symmetry that has non-trivial transformation properties with respect
to supersymmetry; note that this is not the same as R-parity5). Now, there

5Under an U(1) R-symmetry, in the N = 1 supersymmetry, the fermionic coordinates rotate
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is an additional gauge invariant supersymmetric term that can be added to the
Lagrangian [71, 80]:

LD/ = ξD(x). (2.39)

If all the other scalar fields are prevented from having a non-zero VEV, then D(x)
must have a VEV equal to −ξ, and, hence, supersymmetry is (spontaneously)
broken, as desired.

The supertrace formula (2.37) is, as mentioned, valid also after a pure F -
term supersymmetry breaking. Athough, in the presense of the supersymmetry
breaking, Eq. (2.37) is modified by the radiative corrections, it is not possible to
construct a spontaneously broken supersymmetric model which would get parti-
cle masses at the tree level, and in which all the sfermions would be heavier than
the corresponding fermions. Using D-term breaking, this is, however, possible,
but, then, a new U(1)-symmetry, whose D-term gets a VEV in the minimum of
the potential, must be introduced. However, the condition (2.37) can be circum-
vented if the sparticle masses are created through radiative corrections. It is worth
noting here that, if supersymmetry is not broken at the tree level, then the per-
turbative corrections cannot break it either [81, 82, 83]. In particular, this means
that supersymmetry breaking occurs in a “hidden sector” of particles that have
no (or very small) direct couplings to the “visible sector” chiral supermultiplets
of the MSSM. These two sectors do, however, share some interactions (gauge,
gravitational, “anomaly”, etc.) that are responsible for mediating the effects of
the supersymmetry breaking from the hidden sector to the visible sector.

In the MSSM, the problem is that there are no proper candidates for su-
persymmetry breaking fields. There are no gauge singlets whose F -term could
generate a VEV, and if the D-term breaking associated with the U(1)Y is used, it
leads to some of the squarks and sleptons getting a non-zero VEV, which would
break colour and/or electromagnetism but not supersymmetry6. Thus, super-
symmetry breaking must be generated by some thus far unknown fields, at some
much higher mass scale than the electroweak scale. This mass scale is, naturally,
out of reach of experiments. Nevertheless, the phenomenology of the MSSM can
still be studied without knowing the exact process that breaks supersymmetry.

Adding the so-called soft breaking terms to the supersymmetric Lagrangian
is one way to parametrize supersymmetry breaking. These soft terms are terms
of dimension three or less with respect to the fields, and they preserve gauge
invariance and parity. Hence, the couplings of the soft terms must have positive
mass dimensions. When the terms that break the symmetry between the fermions
and sfermions are inserted, the hierarchy problem is brought back. Here, ‘soft’
means that these terms do not destroy the cancellation of the divergences, and

as θ → eiqαθ and a chiral superfield transforms as Φ(x, θ, θ̄) → e−iqαΦ(x, eiqαθ, e−iqαθ̄), where
q is the charge of the U(1)-group.

6However, alternative methods with a Fayet-Iliopolous term for some other U(1) gauge sym-
metry exist, and they cannot be ruled out; see, for example, [84, 85].
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the main motivation to use supersymmetry is still maintained. In addition, the
relationship of the dimensionless couplings must be the same as in the unbroken
theory. Then, the effective Lagrangian can be written in the form

L = LSUSY + Lsoft, (2.40)

where Lsoft violates supersymmetry but contains only mass terms and couplings
with positive mass dimension, while LSUSY still remains supersymmetric. Here,
it is also assumed that, even though the supersymmetry breaking is performed
“by hand,” the actual breaking is spontaneous and the original theory is exactly
supersymmetric. It can be understood as if there were two different sectors, the
before-mentioned hidden and visible (or observable) sectors: in the hidden sector,
the theory is fully supersymmetric, whereas the visible sector contains the soft
breaking terms.

The most general soft terms for a renormalizable supersymmetric theory are
(for a classification of the forms of the soft breaking operators in a general theory,
see [86])

Lsoft =− 1

2
(Maλ

aλa +H.c.)− (m2)i
jϕi∗ϕj

−
(

1

2
bijϕiϕj +

1

6
aijkϕiϕjϕk +H.c.

)

, (2.41)

where Ma is the gaugino mass for each gauge group, m2 is the scalar mass squared
term, bij is the bilinear (mass squared) term, and aijk is the trilinear coupling
term. A softly broken Lagrangian of the form of Eq. (2.41) is free from quadratic
divergences, to all orders in perturbation theory [86].

If no chiral supermultiplets that are singlets under the gauge group are as-
sumed, then one could try to add terms like

L
′
soft = −1

2
cjki ϕ

i∗ϕjϕk −
1

2
mij

Fψiψj −Ma
Diracλ

aψa +H.c. (2.42)

to the Lagrangian [87, 88, 89]. However, including the terms proportional to
mij

F is redundant; those terms can always be absorbed into the redefinition of
the superpotential and to the first term of Eq. (2.42). The last term of Eq.
(2.42) is present only if there are some matter fields (other than gauginos) in
the adjoint representation of the gauge group [90]. This is not relevant for the
MSSM with minimal field content which does not have adjoint representation
chiral supermultiplets. The possibility of cjki terms (the first term in Eq. (2.42))
is nearly always neglected. The reason for this is that it is difficult to construct
models of spontaneous symmetry breaking in which the cjki are not negligibly
small [66]. Therefore, Eq. (2.41) is usually taken to be the general form of the
soft supersymmetry-breaking Lagrangian.
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2.5 Renormalization group evolution and electroweak

symmetry breaking

To complete the description of the MSSM, the soft supersymmetry-breaking terms
need to be specified. In the context of the MSSM, the most general soft super-
symmetry-breaking terms are [66]

L
MSSM
soft =− 1

2

(

M1B̃B̃ +M2W̃W̃ +M3g̃g̃ +H.c.
)

−
(

˜̄uauQ̃Hu − ˜̄dadQ̃Hd − ˜̄eaeL̃Hd +H.c.
)

− Q̃†
m

2
QQ̃− L̃†

m
2
LL̃− ˜̄um2

ū
˜̄u† − ˜̄dm2

d̄
˜̄d† − ˜̄em2

ē
˜̄e†

−m2
Hu
H∗

uHu −m2
Hd
H∗

dHd − (bHuHd +H.c) . (2.43)

In Eq. (2.43), M1, M2, and M3 are the bino, wino, and gluino mass terms, re-
spectively. The second line in Eq. (2.43) contains the (scalar)3 couplings (of the
type aijk in Eq. (2.41)). Each of au, ad, ae is a complex 3 × 3 matrix in family
space, with dimensions of mass. The third line of Eq. (2.43) consists of squark
and slepton mass terms of the type (m2)i

j in Eq. (2.41). Each of m2
Q, m2

L, m2
ū,

m
2
d̄
, m2

ē is a 3× 3 matrix in family space that can have complex entries, but they
must be hermitian in order for the Lagrangian to be real. Finally, in the last
line of Eq. (2.43), there are supersymmetry-breaking contributions to the Higgs
potential; m2

Hu
and m2

Hd
are mass squared terms of the (m2)i

j type, while b is

the only mass squared term (of the type bij in Eq. (2.41)) that can occur in the
MSSM.7

2.5.1 Renormalization group equations

In fact, it is assumed that the Lagrangian (2.43) is thought to be given at some
high energy scale near the (reduced) Planck scale, MP = (8πGNewton)

−1/2 ≃
2.4 × 1018 GeV. Thus, using this Lagrangian to calculate the masses and cross
sections at the electroweak scale will result in large logarithms coming from loop
diagrams. Fortunately, these large logarithms can, however, be summed by using
renormalization group (RG) methods.8 This means, in particular, that the cou-
pling constants and mass parameters of the theory (like the mass parameters in
the Lagrangian (2.43)) are replaced by running couplings and masses, with values
depending on the energy scale. The scale dependence of the parameters of the
theory is given by the renormalization group equations [92, 93, 94, 95, 96].

7The parameter called b here is often denoted as Bµ, m2
12, or m2

3.
8For historical reasons, these continuously generated transformations of Lagrangians are re-

ferred to as the renormalization group. They do not form a group in the formal sense, because
the operation of integrating out degrees of freedom is not invertible [91]. On the other hand,
they are most certainly connected to renormalization.
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In order to get physically useful predictions for the masses and cross sections,
one, therefore, must evaluate the RG running of the soft and superpotential pa-
rameters as well as the gauge couplings down to the electroweak scale. Remark-
ably, in the MSSM, the RGE running results in the unification of the gauge
couplings [97, 98, 99, 100]. The one-loop RGEs for the gauge coupling and the
gaugino masses are

dαi

dt
=

1

2π
biα

2
i ,

dMi

dt
= 2biαiMi, (2.44)

where t = lnQ/Q0 (Q is the renormalization scale and Q0 is the reference scale
which is defined in Appendix A.2), αi = g2i /4π (i = 1, 2, 3), and g21 = 5/3g′2.
The β-function coefficients are given by b = (33/5, 1,−3) in the MSSM and b =
(41/10,−19/6,−7) in the SM.9 The quantities αi have the nice property that their
reciprocals run linearly with the RG scale at one-loop order (just a modification
of the first equation of Eq. (2.44)):

d

dt
α−1
i = − bi

2π
. (2.45)

In Fig. 2.1, the RG evolution of the α−1
i ’s, including two-loop effects, in the

SM and the MSSM are compared [66]. Unlike the SM, the MSSM includes just
the right particle content to ensure that the gauge couplings can unify, and this
happens at a scale MU ∼ 2 × 1016 GeV. Even though the apparent unification
of the gauge couplings at MU might be “accidental,” it may also be taken as a
hint in favour of a grand unified theory [101, 102, 103, 104] or superstring models
[105, 106], both of which predict gauge coupling unification at some scale lower
than the Planck scale, MP . The energy scale at which the gauge couplings unify is
called the grand unification scale. The unification of the gauge couplings is usually
taken as a postulate (or even as a “paradigm”) when studying supersymmetric
models, i.e.,

αGUT
1 = αGUT

2 = αGUT
3 = αGUT(≈ 1/25). (2.46)

The renormalization group equations are coupled differential equations. Hence,
it actually turns out that, if the gaugino mass parameters Mλ are non-zero at the
GUT scale, then all the other soft parameters will be generated via RG evolu-
tion. The RG equations are given in the Appendix A.2. Especially, the equations
for the soft Higgs mass squared parameters [107, 108] are of interest here.10 At
one-loop order, they can be written as

16π2
d

dt
m2

Hu
= 3Xt − 6g22 |M2

2 | −
6

5
g21 |M2

1 |+
3

5
g21S, (2.47)

16π2
d

dt
m2

Hd
= 3Xb +Xτ − 6g22 |M2

2 | −
6

5
g21 |M2

1 | −
3

5
g21S, (2.48)

9The normalization for g1 here is chosen to agree with the canonical covariant derivative for
grand unification of the group SU(3)C × SU(2)L × U(1)Y into SU(5) or SO(10).

10For a systematic derivation of the RGEs for the most general theory with softly broken
supersymmetry, see [109].
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Figure 2.1: Gauge coupling unification in the SM and the MSSM. The RG evo-
lution of the inverse gauge couplings α−1

i (Q) in the SM (dashed lines) and the
MSSM (solid lines) [66]. In the MSSM case, the sparticle mass thresholds are var-
ied between 250 GeV and 1 TeV, and α3(mZ) between 0.113 and 0.123. Two-loop
effects are included.

where11

S = m2
Hu

−m2
Hd

+Tr[m2
Q −m

2
L − 2m2

ū +m
2
d̄ +m

2
ē]. (2.49)

Here, the trace denotes the sum over generations. In addition, in the models
where the trilinear a-terms are proportional to the Yukawa couplings, the Xt, Xb,
and Xτ terms are (in the limit where all but the third family Yukawa couplings
are neglected)

Xt = 2|yt|(m2
Hu

+m2
Q3

+m2
ū3
) + 2|at|2, (2.50)

Xb = 2|yb|(m2
Hd

+m2
Q3

+m2
d̄3
) + 2|ab|2, (2.51)

Xτ = 2|yτ |(m2
Hd

+m2
L3

+m2
ē3) + 2|aτ |2. (2.52)

Note that these quantities are generally positive, so their effect, with Xt giving
the largest contribution, is to decrease the Higgs boson masses as one evolves the
RG equations down from the input scale to the electroweak scale. This becomes
relevant when one examines the behaviour of the scalar potential at the minimum.

11In many models (including the model with “universal” mass parameters introduced shortly
in Appendix A.2), S = 0. Here, for completeness, S’s are written down wherever appropriate.
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2.5.2 Electroweak symmetry breaking

In the MSSM, the description of electroweak symmetry breaking is slightly com-
plicated by the fact that there are two Higgs doublets,

Hd =





H0
d

H−
d



 and Hu =





H+
u

H0
u



 , (2.53)

rather than just one as in the SM. Now, we have to demand that the mini-
mum of the potential should break electroweak symmetry down to electromag-
netism, SU(2)L × U(1)Y → U(1)em, in accord with experiment. The freedom
to make SU(2)L gauge transformations eventually results in that we can set
H−

d = 0 = H+
u . This is good, since it means that, at the minimum of the

potential, electromagnetism is necessarily unbroken, because the charged compo-
nents of the Higgs scalar cannot get VEVs. After setting H−

d = 0 = H+
u , the

scalar potential of the MSSM becomes

V = (|µ|2 +m2
Hu

)|H0
u|2 + (|µ|2 +m2

Hd
)|H0

d |2 − (bH0
uH

0
d +H.c.)

+
1

8
(g2 + g′2)(|H0

u|2 − |H0
d |2)2. (2.54)

Without loss of generality, a redefinition of the phase of Hu or Hd can absorb any
phase in b, and, hence, b can be taken to be real and positive.

Now, since the Xt contribution (Eq. (2.50)) is large due to the large top
Yukawa coupling, the parameter m2

Hu
in Eq. (2.47) is pushed to negative values

at the electroweak scale, while the rest of the mass parameters remain positive. It
is remarkable that this happens, even though we have universal mass parameters
at the high scale. And this is precisely what is needed for the Higgs mechanism.
In these models, electroweak symmetry breaking is, in fact, driven purely by
quantum corrections; therefore, this mechanism is known as radiative electroweak
symmetry breaking (rEWSB) [107, 108, 110, 111, 112, 113, 114].

One of the tree-level minimization conditions of the scalar potential (2.54) can
be written as

|µ|2 =
m2

Hd
−m2

Hu
tan2 β

tan2 β − 1
− m2

Z

2
, (2.55)

where tan β = 〈H0
u〉/〈H0

d 〉 = vu/vd (in addition, v2 = v2u + v2d). It is, in fact,
important that the true minimum of the scalar potential is the minimum of the
neutral Higgs potential (2.54), since, otherwise, it is possible that some of the
other scalars could develop a charge- and colour-breaking minimum which would
make the vacuum unstable [114, 115, 116]. The one-loop corrections to the scalar
potential make this analysis quite complicated, however, but, providentially, the
tree-level potential can be used, provided that one chooses the renormalization
scale which minimizes the loop contribution [117].
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When the electroweak symmetry is broken, three of the eight real degrees of
freedom of the Higgs doublets become the longitudinal components of the Z0 and
W± gauge bosons which then acquire mass. The remaining five degrees of freedom
are the Higgs boson mass eigenstates which are denoted by h0, H0 (scalars), A0

(pseudoscalar), and H± (charged).

2.5.3 Some of the particle masses and mixings

Mixing of the gaugino and higgsino sectors is also affected by the electroweak
symmetry breaking. In the MSSM, there are, in fact, several sets of particles with
same colour, charge, baryon and lepton numbers but with different SU(2)×U(1)
quantum numbers, however. When the SU(2)×U(1) gauge symmetry gets broken,
these states mix. The neutral higgsinos (H̃0

u and H̃0
d) and the neutral gauginos (B̃

and W̃ 0; called bino and wino, respectively) combine to form four mass eigenstates
called neutralinos. In the gauge-eigenstate basis (ψ0)T = (B̃, W̃ 0, H̃0

d , H̃
0
u), the

neutralino mass terms are

− 1

2
(ψ0)TM χ̃0ψ0 +H.c., (2.56)

where [66, 118, 119]

M χ̃0 =















M1 0 −cβsWmZ sβsWmZ

0 M2 cβcWmZ −sβcWmZ

−cβsWmZ cβcWmZ 0 −µ
sβsWmZ −sβcWmZ −µ 0















, (2.57)

where abbreviations sβ = sin β, cβ = cos β, sW = sin θW , and cW = cos θW have
been introduced. The mass matrix (2.57) can be diagonalized by a unitary matrix
N to obtain mass eigenstates:

χ̃0
i = N ijψ

0
j , (2.58)

so that

N
∗
M χ̃0N

−1 = diag(mχ̃0
1
,mχ̃0

2
,mχ̃0

3
,mχ̃0

4
) (2.59)

has real positive entries on the diagonal. These are the magnitudes of the eigen-
values of M χ̃0 or, equivalently, the square roots of the eigenvalues of M †

χ̃0M χ̃0 .

In general, the parameters M1, M2, and µ in Eq. (2.57) can have arbitrary
complex phases. The gaugino mass entries M1 and M2 can, in a convention, be
chosen to be both real and positive by redefining the phases of B̃ and W̃ 0. Within
this convention, the phase of µ is, then, really a physical parameter and cannot be
rotated away. However, if µ is not real, then there can be potentially disastrous
CP -violating effects in low-energy physics (the Standard Model is invariant under
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the CP -transformations, except for a phase in the Yukawa matrices and the strong
QCD phase). Therefore, it is usual—although not strictly mandatory—to assume
that µ is real. The sign of µ, however, is still undetermined by this constraint.

Similarly to neutralinos, charginos are formed from four gauge eigenstates. In
the gauge-eigenstate basis (ψ±)T = (W̃+, H̃+

u , W̃
−, H̃−

d ), the chargino mass terms
are

− 1

2
(ψ±)TM χ̃±ψ± +H.c., (2.60)

where [66], in 2× 2 block form,

M χ̃± =





0 X
T

X 0



 , with X =





M2

√
2sβmW

√
2cβmW µ



 . (2.61)

The mass eigenstates are related to the gauge eigenstates by two unitary 2 × 2
matrices U and V according to





χ̃+
1

χ̃+
2



 = V





W̃+

H̃+
u



 ,





χ̃−
1

χ̃−
2



 = U





W̃−

H̃−
d



 . (2.62)

Worth noting here is that the mixing matrix for the positively charged left-handed
fermions is different from that for the negatively charged left-handed fermions;
they are chosen so that

U
∗
XV

−1 = diag(mχ̃±
1
,mχ̃±

2
), (2.63)

with positive real entries mχ̃±
i
. Because these are only 2 × 2 matrices, it is not

hard to solve for the mass squareds m2
χ̃±
1

and m2
χ̃±
2

explicitly. In fact, those mass

squareds are the (doubly degenerate) eigenvalues of the 4× 4 matrix M
†
χ̃±M χ̃±

or, equivalently, the eigenvalues of X†
X, since

V X
†
XV

−1 = U
∗
XX

†
U

T = diag(m2
χ̃±
1
,m2

χ̃±
2
). (2.64)

In principle, any scalars with the same electric charge, R-parity, and colour
quantum numbers can mix with each other. This means that, with completely
arbitrary soft terms, the mass eigenstates of the squarks and sleptons of the
MSSM should be obtained by diagonalizing three 6×6 mass squared matrices for
up-type squarks (ũL, c̃L, t̃L, ũR, c̃R, t̃R), down-type squarks (d̃L, s̃L, b̃L, d̃R, s̃R, b̃R),
and charged sleptons (ẽL, µ̃L, τ̃L, ẽR, µ̃R, τ̃R), and one 3× 3 matrix for sneutrinos
(ν̃e, ν̃µ, ν̃τ ). Fortunately, the general hypothesis of flavour-blind soft parameters
predicts that most of these mixing angles are very small (or negligible, in practice).
In addition, only the third generation Yukawa couplings give a substantial contri-
bution through RG evolution, so, in practice, only the third generation squarks
are mixed, as well as the third generation sleptons.
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The mass mixing matrix for the top squarks in the gauge-eigenstate basis
ϕT
t̃
= (t̃L, t̃R) is given by

− ϕ†

t̃
m

2
t̃
ϕt̃, (2.65)

where the mass squared matrix is

m
2
t̃
=





m2
Q3

+m2
t +∆ũL

v(a∗t sβ − µytcβ)

v(atsβ − µ∗ytcβ) m2
ū3

+m2
t +∆ũR



 , (2.66)

where ∆ϕ = (T3ϕ−Qϕ sin
2 θW ) cos(2β)m2

Z is the D-term contribution, where T3ϕ
and Qϕ are, respectively, the third component of weak isospin and the electric
charge of the chiral supermultiplet to which ϕ belongs. The quantity v is related
to the VEVs of the Higgs fields as v2 = v2u + v2d. The matrix (2.66) can be
diagonalized to give mass eigenstates:





t̃1

t̃2



 =





cos θt̃ − sin θt̃

sin θt̃ cos θt̃









t̃L

t̃R



 , (2.67)

where m2
t̃1
< m2

t̃2
are the eigenvalues of Eq. (2.66) and 0 ≤ θt̃ ≤ π. Typically,

the off-diagonal entries in the matrix (2.66) will induce a significant mixing which
reduces the lighter top squark mass squared eigenvalue. Often, the t̃1 is the
lightest squark.

On the other hand, the mass mixing matrix for the bottom squarks in the
gauge-eigenstate basis ϕT

b̃
= (b̃L, b̃R) is given by

m
2
b̃
=





m2
Q3

+∆d̃L
v(a∗bcβ − µybsβ)

v(abcβ − µ∗ybsβ) m2
d̄3

+∆d̃R



 . (2.68)

The tau slepton mixing matrix can be obtained from m
2
b̃

by changing d → e
and b → τ in Eq. (2.68). Diagonalizing these two matrices will give the mass
eigenstates (b̃1, b̃2)

T and (τ̃1, τ̃2)
T in exact analogy with Eq. (2.67). Similarly, the

mass of all generations of squarks and leptons can be obtained.
Since we have, thus far, ignored the neutrino masses, the MSSM only contains

the scalar partner for the left-handed neutrino, one for each flavour. In addition,
because it is assumed here that lepton flavour is conserved, the three sneutrinos
cannot mix with one another, and, hence, they must be mass eigenstates. For the
third generation, the mass squared (1× 1 matrix) is given by

m2
ν̃τ = m2

L3
+

1

2
m2

Z cos 2β, (2.69)

The mass squareds for the first two generations follow just by changing the gener-
ation(s) in Eq. (2.69) accordingly. In general, the first two generations of sleptons
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are almost mass degenerate. Since, in the MSSM, there are only superpartners
of left-handed neutrinos, the subscript L on the sneutrinos will, henceforth, be
dropped (as was already done in Eq. (2.69)).

In general, it can be stated that the mass eigenstates of the first two gen-
erations of squarks and leptons are almost the same as the gauge eigenstates.
And because the RGEs for the different mass parameters involved in these mass
matrices are highly coupled, it is, in practice, convenient to solve them only nu-
merically.

2.6 From supergravity to anomaly-mediated supersym-

metry breaking

Most symmetries in particle physics are realized as local symmetries (gauge sym-
metries) rather than mere global symmetries. Hence, it is natural to think that
supersymmetry, as an extension of the Poincaré symmetry, is a local symmetry.
Since, by nature, supersymmetry is a space-time symmetry (though, in fact, the
residual R-symmetry also makes it a type of an internal symmetry), one may ex-
pect that the local supersymmetry is a theory of local coordinate transformations;
in other words, it is a theory of gravity. In a locally supersymmetric theory, also
the Grassmann variable parameters ξ and ξ̄ of Eq. (2.14) depend explicitly on
the space-time point. The locally superymmetric theory is known as supergravity
[120, 121, 122, 123].

2.6.1 Local supersymmetry

A pure gravity theory would involve only the massless spin-2 graviton. However,
a pure supergravity theory will, in addition, have to include the supersymmetric
partner of the graviton. This superpartner could be either a spin-32 or spin-52
fermion. It is well known that theories containing particles with spins greater
than 2 tend to have undesirable features (like that it would be hard to couple
them to other fields), and, therefore, it is natural to assume that the superpartner
of the spin-2 graviton is a spin-32 particle, referred to as the gravitino. When local
supersymmetry is spontaneously broken, the gravitino aqcuires mass via super-
Higgs mechanism [123, 124] which is analogous to the usual Higgs mechanism.
It turns out, in fact, that the contributions coming from supergravity are of the
same order of magnitude as the non-gravitational ones, therefore implying that
the gravitational effects have to be included, even when one is considering only the
low-energy theory [125, 126]. In supergravity, the supertrace formula of Eq. (2.37)
receives radiative corrections. Thus, the superpartner masses become heavier
which removes the mass degeneracy of the supermultiplet. This effect is due to
the non-renormalizability of supergravity.

In order to derive a locally invariant supersymmetric Lagrangian, one first
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needs to write down the general globally supersymmetric Lagrangian for vector
superfields V [127]:

LGLOBAL =

∫

d4θK(Φ†e2gV ,Φ) +

∫

d2θ(W (Φ) + H.c.)

+

∫

d2θ(fab(Φ)W
α
a Wαb +H.c.) (2.70)

When compared, the first term of Eq. (2.31) is now generalized to be a general
function of superfields, K(Φ†,Φ), since a theory involving gravity is not required
to be renormalizable.12 In the function K, the factor e2gV has been introduced
to couple the chiral supermultiplets to the gauge fields. The function coefficient
fab of the gauge field strength superfields Wα (see Eq. (2.30)) is called the gauge
kinetic function. It is an arbitrary function of the chiral superfields Φ, and it
would be just δab in the renormalizable case. In a similar way, the superpotential
W (Φ) may contain any number of products of superfields. These products are,
however, restricted such that the resulting non-renormalizable terms must, then,
contain the gravitational coupling constant in such a way that the theory will,
again, be renormalizable when gravity decouples, i.e., in the limit MP → ∞. The
function K(Φ†,Φ) can be reformulated as

K(Φ†,Φ) = −3|W (Φ)| 23 e−
G(ϕ∗,ϕ)

3 . (2.71)

The dimensionality of K(Φ†,Φ) is two. The function G in Eq. (2.71) can be
expressed with the help of K and W as

G(ϕ∗, ϕ) = J(ϕ∗, ϕ) + ln
|W |2
M6

P

, (2.72)

J(ϕ∗, ϕ) = −3 ln
−K(ϕ∗, ϕ)

3M2
P

, (2.73)

where G(ϕ∗, ϕ) is the so-called Kähler potetential13. It is a real analytic function
of scalar fields, and its dimension is zero (in Eqs. (2.72) and (2.73), MP is the
(reduced) Planck mass, already introduced in the beginning of Subsection 2.5.1;
usually, the Planck mass is put equal to one in these equations). The same K
is, in fact, obtained for different choices of J , because G is invariant under the
Kähler transformations [127, 128]

J → J + h(ϕ) + h∗(ϕ∗), (2.74)

W → e−hW, (2.75)

where h is an arbitrary holomorphic complex function.

12Any interacting theory containing a spin-2 particle is, in fact, non-renormalizable.
13Sometimes, J is referred to in this way.
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From the global supersymmetric action, a locally invariant action can be sys-
tematically constructed by using the Noether procedure [120, 129, 130]. As a first
step, a local transformation is performed to the globally symmetric Lagrangian.
The original Lagrangian is, as expected, not invariant anymore, but, instead, there
exists a remainder term. Superficially speaking, this term is explicitly cancelled
by substracting it from the original Lagrangian and by modifying the transforma-
tion rule of the gauge field accordingly (in the simplest case of the U(1)-symmetry,
the gauge field has to be introduced to obtain local invariance; see also below).
Now, schematically, the modified Lagrangian becomes

L1 = L0 − δL0. (2.76)

Then, the new local transformation is perfomed to L1, and this iterative process
is continued until the Lagrangian becomes invariant under the newly constructed
transformation. In this process, in order to be able to cancel the remainder,
new gauge fields have to be introduced. In this sense, the gravitino is, in fact,
the gauge field of gravity. At each step, if some terms have been added to the
transformation law, it must be checked that the supersymmetry algebra closes.
Finally, after some laborious calculations [123, 129], the locally supersymmetric
Lagrangian can be obtained.

The scalar potential (the part of the Lagrangian that does not contain fermions
or derivatives) becomes [118]

V = M4
P e

G(Gi(G−1)jiGj − 3)

+
g2M4

P

2
Re(f−1

ab )Gi(T a)ijϕjG
k(T b)klϕl (2.77)

where Gi ≡ ∂G/∂ϕi, Gi ≡ ∂G/∂ϕi∗, and, hence, (G−1)ji is the matrix of second
derivatives of G−1, the inverse of G. The second derivative of the Kähler potential,
Gj

i , is called the Kähler metric. In Eq. (2.77), the first term comes from F -terms
and the second from D-terms. However, if the supersymmetry breaking is thought
to happen through F -term breaking, then, usually, the D-term contributions can
be neglected.

In fact, the Kähler function determines the conditions for supersymmetry
breaking. If supersymmetry is broken spontaneously via the F -term, then

〈Gi〉 = 〈∂G/∂ϕi∗〉 6= 0 (2.78)

for some field ϕi∗. Then, for the D-term breaking, the condition is

Gi(T a)ijϕj 6= 0. (2.79)

From Eq. (2.77), it can be seen that, if supersymmetry is not broken, i.e., the
conditions of Eqs. (2.78) and (2.79) evaluate to zero, the potential of Eq. (2.77)
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becomes V = −3M4
P e

G. This is, in fact, negative semidefinite which is the op-
posite to the case with global supersymmetry (see Eq. (2.12)). Actually, if local
supersymmetry is broken, then the potential can have any value (positive, nega-
tive, or zero) in the minimum (note that, in global supersymmetry, the vanishing
vacuum energy was a condition for unbroken supersymmetry).

After the super-Higgs mechanism (which is analogous to the usual Higgs mech-
anism, but, now, the supersymmetry that gets broken is local), the gravitino
absorbs the massless goldstino and gains a mass (the D-terms neglected) [66, 118]

m2
3/2 =

1

3M2
P

〈Gi
jFiF

∗j〉 =M2
P e

〈G〉, (2.80)

where Fi = −M2
P e

G/2(G−1)jiGj is the order parameter for the supersymmetry
breaking in supergravity. The last equality in Eq. (2.80) follows if 〈V 〉 = 0.

It is, in fact, assumed that the superfields of the theory can be divided into two
sectors: the observable and the hidden sector. The fields of the observable sector
are the fields of the MSSM. The hidden sector fields, on the other hand, include
gauge superfields of an asymptotically free gauge interaction that becomes strong
at some intermediate scale Λs which is between the weak and Planck scale. In
other words, these non-perturbative interactions are weak at the Planck scale but,
then, become strong at the scale Λs. In addition, there are also chiral superfields
Zi that can feel this gauge interaction. However, it is obvious that the observable
sector superfields do not feel the hidden sector gauge interactions, since, otherwise,
those interactions would have already been discovered experimentally.

In the end, after the generation of the soft breaking terms, the MSSM possesses
124 truly independent parameters [131, 132]. Of these, 18 parameters correspond
to Standard Model parameters (including the QCD vacuum angle θQCD), and
one corresponds to one of the Higgs sector masses (the analogue of the Standard
Model Higgs mass). The residual 105 are, then, genuinely new parameters of
supersymmetric origin: five real parameters and three CP-violating phases in the
gauge/gaugino/Higgs/higgsino sector, 21 squark and slepton masses, 36 new real
mixing angles to define the squark and slepton mass eigenstates, and 40 new CP-
violating phases that can appear in squark and slepton interactions. However, in
practice, the MSSM is not a tractable framework for SUSY phenomenology: there
are just too many free parameters. This is not to say that any phenomenology
cannot be done with the MSSM, but the analysis of the model is simpler if the
number of free parameters is narrowed down to of order of five parameters, as,
e.g., in minimal supergravity (mSUGRA). One of these supersymmetric models
with fewer parameters is anomaly-mediated supersymmetry breaking (AMSB).

2.6.2 Anomaly-mediated supersymmetry breaking

In supergravity models, the MSSM soft SUSY breaking parameters are usually
thought to arise from tree-level interactions of observable sector superfields with
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gauge singlet hidden sector fields that can acquire a Planck scale VEV. It has been
recognized that there is an additional one-loop contribution to supersymmetry-
breaking parameters that is always present when SUSY is broken [133, 134]. Usu-
ally, this latter contribution, whose origin is in the super-Weyl anomaly (and is,
therefore, called the anomaly-mediated supersymmetry-breaking contribution),
only makes a loop-suppressed correction to the leading tree-level supersymmetry-
breaking parameters, so that the pattern of sparticle masses is qualitatively un-
changed from gravity-mediated supersymmetry breaking. However, in models
without SM gauge singlet superfields that can acquire a Planck scale VEV, the
usual supergravity contribution to gaugino masses is, in fact, suppressed by an
additional factor MSUSY/MP relative to m3/2 =M2

SUSY/MP , thereby making the
anomaly-mediated contribution to be the dominant one.

The soft supersymmetry-breaking terms in the gravity-mediated supersym-
metry-breaking mechanism has contributions originating from the super-Weyl
anomaly via loop effects [135]. To obtain the canonical form for the supergravity
Lagrangian, the (local) metric must be redefined by a Weyl transformation

gµν → eK/3M2
P gµν , (2.81)

where K is defined to be the supergravity “Kähler potential.” This transformation
is justified by the fact that, under the Kähler transformations of Eqs. (2.74)–
(2.75), the supergravity Lagrangian is, in fact, invariant, provided that there is
an auxiliary chiral superfield “compensating” the transformations [123, 127]:

Φ0 → eh/3Φ0. (2.82)

Worth noting here is that the field Φ0, the so-called Weyl compensator, is not
physical, and it is rotated away trough a Weyl rescaling until its scalar component
receives a VEV. When that happens, the compensator superfield is usually written
as

Φ0 = 1 + θ2FΦ0 , (2.83)

where FΦ0 = O(m3/2), the gravitino mass. However, at the quantum level, the
Lagrangian does not remain invariant under the Weyl transformation (2.81). Be-
cause the superconformal Weyl invariance breaks down, the symmetry can be
violated at the loop level, giving rise to the anomalous contributions to the soft
Lagrangian. Hence, it is expected that the soft masses are generated at the loop
level, and this effect is, in fact, present in all hidden sector models.

It is usual that the anomalous contributions are suppressed, since it normally is
the tree-level couplings that give the dominant contribution. If, however, the tree-
level contributions are, for some reason, absent or very suppressed, the anomaly-
mediated contributions can dominate. This may happen, e.g., in brane models
[133]. This kind of mechanism for supersymmetry breaking is referred to as the
anomaly-mediated supersymmetry breaking [133, 134, 136]. In fact, anomaly
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mediation is a predictive framework for supersymmetry breaking where the su-
persymmetry breaking between the hidden and visible sectors is mediated by the
breaking of scale invariance.

The soft supersymmetry-breaking parameters of anomaly mediation can be
written in terms of the beta functions of the RG equations and the anomalous
dimensions.14 In AMSB, the pure anomaly-mediated contributions to the soft
supersymmetry-breaking parameters Mλ (gaugino masses), m2

Q̃
(soft scalar mass

squareds), and ay (the trilinear supersymmetry-breaking coupling where y refers
to the Yukawa coupling) can be written as

Mλ =
βg
g
m3/2, (2.84)

m2
Q̃
= −1

4

(

∂γ

∂g
βg +

∂γ

∂y
βy

)

m2
3/2, (2.85)

ay = −βy
y
m3/2, (2.86)

where m3/2 is, as mentioned already earlier on, the gravitino mass, the quan-
tities β are the relevant beta functions (βg = dg/d ln µ), and the quantities γ
are the anomalous dimensions of the chiral superfields. Immediately, it can be
realized and checked explicitly that the contributions (2.84)–(2.86) are invari-
ant under renormalization group evolution (to all orders), consistent with their
insensitivity to ultraviolet physics [137, 138]. In addition, the flavour violation
effects are proportional to the Yukawa couplings, thereby avoiding large effects
in flavour-changing neutral currents (FCNC) processes. The gaugino masses are
proportional to their corresponding β-functions, with the lightest supersymmetric
particle typically being mainly an SU(2) gaugino wino (note, however, that it is
also possible that the lighter stau is the LSP).

It turns out, however, that the pure scalar mass squared anomaly contribu-
tion for sleptons is negative, hence giving rise to tachyons in the spectrum [133].
There are, in fact, a number of proposals for fixing the problem of tachyonic
slepton masses [139, 140, 141, 142, 143, 144, 145, 146]. Additional contributions
to the slepton masses can arise in a variety of ways, but some of the solutions
will, however, spoil the most attractive feature of the anomaly-mediated models,
namely, the renormalization group invariance of the soft terms and the consequent
ultraviolet insensitivity of the mass spectrum. Nevertheless, it is possible to solve
this problem without re-introducing the supersymmetric flavour problem (there
are, in fact, various ways to do this) [133, 139]. The simplest option is to intro-
duce a common mass parameter m0 to all of the scalar mass squareds [147]. This
parametrizes the contribution to the slepton masses that does not come from

14Anomalous dimensions are defined as a derivative of the wave function normalization w.r.t.
the renormalization scale, i.e., γ = ∂ lnZ/∂ lnµ.
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anomaly mediation, and that cures the tachyonic spectrum. Adding this com-
mon scalar mass does not re-introduce the supersymmetric flavour problem, how-
ever. This kind of a model is called a minimal anomaly-mediated supersymmetry-
breaking (mAMSB) model.

Essentially, the mAMSB scenario is described by four parameters

m3/2,m0, tan β, sign(µ), (2.87)

that is, respectively, the gravitino mass, the common scalar mass, the ratio of the
Higgs vacuum expectation values, and the sign of the Higgsino mixing parameter.
An interesting feature of the mAMSB model is that the ratios of the gaugino mass
parameters, at low energies, turn out to be [147]

M1 :M2 : |M3| ≈ 2.8 : 1 : 7.1, (2.88)

where M1,M2, and M3 refer to the U(1), SU(2), and SU(3) gaugino mass param-
eters, respectively. An immediate consequence of this is that the lighter chargino
χ̃±
1 and the lightest neutralino χ̃0

1 are both almost exclusively a wino and, hence,
nearly degenerate in mass. A small mass difference is, however, generated (the
lighter chargino is always heavier) from the tree-level gaugino-higgsino mixing as
well as from the one-loop corrected chargino and neutralino matrices [147, 148].
Most of the mass spectrum of mASBM, including the chargino-neutralino mass
splitting, is presented in detail in Appendix A.3.
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Chapter 3

Sneutrino-antisneutrino mixing

at colliders

From the solar and atmospheric neutrino experiments, we have compelling evi-
dence that neutrinos have tiny, non-zero masses (for recent reviews on neutrino
physics, see, e.g., [45, 149] and the references therein). It is widely believed that
the lepton number (L) may be violated in Nature and the neutrinos are Majorana
particles. The smallness of the neutrino masses can be explained by the seesaw
mechanism or dimension-five non-renormalizable operators. Whenever neutrinos
have non-zero Majorana masses, sneutrino-antisneutrino mixing occurs in any su-
persymmetric model [150, 151, 152, 153, 154, 155]. In SUSY theories, such ∆L = 2
Majorana neutrino mass terms can induce mixing between the sneutrino and an-
tisneutrino and a mass splitting (∆mν̃) between the physical states. This mass
splitting induces the sneutrino-antisneutrino oscillations, and the lepton number
can be tagged by the charge of the final state lepton. This situation is similar to
the flavour oscillation in the B0–B̄0 system (for reviews, see, e.g., [40, 156, 157]).

In Sections 3.1–3.3, especially, the results of Refs. [1, 2, 3] are summarized.

3.1 Sneutrino-antisneutrino oscillations

An initially (t = 0) produced pure |ν̃〉 state evolves in time as

|ν̃(t)〉 = 1√
2
[e−i(m1−iΓν̃/2)t|ν̃1〉+ ie−i(m2−iΓν̃/2)t|ν̃2〉], (3.1)

where the difference between the total decay widths of the two mass eigenstates
|ν̃1〉 and |ν̃2〉 has been neglected, and the total decay width is set to be equal to Γν̃ .
This also assumes that the sneutrinos are produced at rest. Since the sneutrinos
decay, we need to look at the time-integrated probability which becomes [151]

P (ν̃ℓ → ν̃∗ℓ ) =
x2ν̃

2(1 + x2ν̃)
, (3.2)
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where xν̃ ≡ ∆mν̃
Γν̃

, and we assume that sneutrino flavour oscillation is absent and
the lepton flavour is conserved in the decay of the antisneutrino/sneutrino.

However, one might ask whether it is reasonable to assume that the sneutrinos
are produced at rest at the present or future colliders. Starting from the initially
produced |ν̃〉 state, this state at (x, t) becomes

|ψ(x, t)〉 = 1√
2

[

e−i(Eν̃ t−p1x)|ν̃1〉+ ie−i(Eν̃ t−p2x)|ν̃2〉
]

, (3.3)

where p1 and p2 are the three-momenta of the mass eigenstates |ν̃1〉 and |ν̃2〉, re-
spectively. Here, we assume that the mass eigenstates move with the same energy
Eν̃ but different three-momenta p1 and p2. From Eq. (3.3), one can first calculate
the oscillation probability |〈ν̃∗|ψ(x, t)〉|2 (the full derivation is in [3]), where |ν̃∗〉
is the initially produced antisneutrino state. Again, the sneutrinos/antisneutrinos
decay, so we need to look at the integrated probability. The integrated probability
of a |ν̃〉 oscillating into an |ν̃∗〉 over a distance L becomes [3]

P (L) =

∫ L
0 dx|〈ν̃∗|ψ(x, t)〉|2

∫∞
0 dx〈ψ(x, t)|ψ(x, t)〉 (3.4)

=
e−Lα

2(α2 + β2)

[

− α2 + (−1 + eLα)β2 + α2 cos(Lβ)− αβ sin(Lβ)
]

,

where α ≡ Γν̃mν̃
Eν̃

and β ≡ ∆m2
ν̃

2Eν̃
. For a very large L, i.e., when Lα ≫ 1, from Eq.

(3.4), we get

P (L) =
β2

2(α2 + β2)
=

x2ν̃
2(1 + x2ν̃)

, (3.5)

which is independent of L and where we use the relation ∆m2
ν̃ = 2mν̃∆mν̃ and,

again, xν̃ = ∆mν̃
Γν̃

. Equation (3.5) is the same result as in the case when the
sneutrinos are produced at rest, i.e., Eq. (3.2). Note from Eq. (3.5) that, when
xν̃ = 1, the oscillation probability P is 0.25. On the other hand, when xν̃ ≫ 1,
P is 0.5.

Let us, then, investigate the effect of the Lorentz factor γ = Eν̃
mν̃

on the sneu-
trino oscillation probability (3.4). We need to consider Lα . O(1). Note that,

now, α = Γν̃mν̃
Eν̃

= Γν̃
γ and β =

∆m2
ν̃

2Eν̃
= ∆mν̃

γ are the γ-dependent quantities. In
Fig. 3.1, there is the integrated oscillation probability (Eq. (3.4)) as a function of
the travelling distance L. The four different lines on this plot correspond to four
different values of the Lorentz factor γ of the produced sneutrino. We assume
that the total decay width (Γν̃) of a 100 GeV mass sneutrino is 10−14 GeV and
xν̃ = 1. From this plot, it can be seen that the oscillation probability has a strong
dependence on γ up to a certain value of L, and, after that, it saturates and
reaches the value 0.25, independent of γ and L. As long as the L-dependence is
there, for a particular value of L, P (ν̃ → ν̃∗) is smaller for a larger value of γ.
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Figure 3.1: Dependence of the integrated sneutrino oscillation probability on the
Lorentz factor γ when ∆mν̃

Γν̃
= 1 and Γν̃ = 10−14 GeV. Note that the case of γ = 1

is actually calculated with γ = 1.0001.

Worth noting is that, in fact, there are scenarios where this kind of a very small
width is possible.

Interestingly, however, for a much higher value of Γν̃(∼ 10−7 GeV) (with
xν̃ & 1), the value of L is very small (≈ 5 × 10−5 cm) for which the oscillation
probability saturates (even for γ = 50). Hence, for such a large value of Γν̃ , we
can ignore the effect of γ or L in the sneutrino oscillation probability (and use
directly the probability of Eq. (3.2)).

3.2 e−γ collider

In this section, we seek to produce a single electron-sneutrino (+ a chargino) in
the e−γ collider in order to study ν̃e–ν̃

∗
e oscillation. The e−γ collider will possibly

be realized at the International Linear Collider. The motivation for studying the
ν̃e–ν̃

∗
e oscillation is that, at the e−γ collider, we have only a single lepton in the

initial state which makes studying the lepton number violation as straightforward
as possible. In order to have a reasonable oscillation signal, we will study a certain
AMSB scenario.

3.2.1 Some details of the e−γ collider

Laser back-scattering off an energetic e± beam can be used to obtain very high
energy photon beams [158, 159]. The reflected photon beam carries off only a
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fraction (y) of the energy of e± with

ymax =
z

1 + z
, z ≡ 4EbEL

m2
e

cos2
θbL
2
, (3.6)

where Eb(L) are the energies of the incident electron/positron beam and the laser,
respectively, and θbL is the incidence angle. By increasing the energy of the laser
beam, the energy of the photon can, in principle, be increased. However, a large
EL (or, equivalently, a large z) also enhances the probability of an e+e− pair
creation through interactions between the laser and the scattered photon, which
would, consequently, result in beam degradation. An optimal choice is z = 2(1 +√
2) which in adopted in our analysis. The signal cross section could be maximized

by the use of the perfectly polarized electron and photon beams. However, in
reality, achieving perfect polarizations is almost impossible. In addition, having
even near monochromatic high energy photon beams is extremely unlikely.

For an e−γ collider, the cross sections can be obtained by convoluting the
fixed-energy cross sections σ̂(ŝ, Pγ , Pe−) with the appropriate photon spectrum:

σ(s) =

∫

dydŝ
dn

dy
(Pb, PL)σ̂(ŝ, Pγ , Pe−)δ(ŝ − ys), (3.7)

where the photon polarization Pγ is a function of Pb,L and the momentum frac-
tion y through the relation Pγ = Pγ(y, Pb, PL). In our analysis, for simplicity,
circularly polarized laser beam scattering off polarized electron(positron) beams
is considered. The corresponding number density n(y) and average helicity for
the scattered photons are given in Refs. [1, 158, 159, 160].

For the laser beam, it is relatively easy to obtain perfect polarization, and,
hence, we use |PL| = 1. However, for electrons or positrons, the same is not true,
and, as a conservative choice, we use |Pb| = |Pe− | = 0.8. The e− should be left-
polarized, i.e., Pe− = −0.8, because we want to produce an electron-sneutrino in
this study. In order to improve the monochromaticity of the photons, the laser
and the e± beam should be oppositely polarized [161], which means PL ×Pb < 0.

3.2.2 Need for a certain AMSB scenario

It is evident from Section 3.1 that the sneutrino-antisneutrino oscillation prob-
ability crucially depends on ∆mν̃ and Γν̃ . The sneutrino mass splitting ∆mν̃

induces radiative corrections to the Majorana neutrino mass mν , and one faces
the bound [151] ∆mν̃/mν . O(4π/α). Hence, if we consider mν to be ∼ 0.1 eV,
then ∆mν̃ . 0.1 keV. Thus, in order to get xν̃ ∼ 1 and, hence, in order to have a
large enough oscillation probability, one also needs the sneutrino decay width Γν̃

to be ∼ 0.1 keV or so. This means that the sneutrino decay width is O(10−7) GeV,
so we can use Eq. (3.2) directly, as discussed in Section 3.1. In other words, this
small decay width means that the sneutrino should have enough time to oscillate
before it decays. However, such a small decay width is difficult to obtain in most
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of the scenarios where the lightest neutralino (χ̃0
1) is the lightest supersymmetric

particle. Namely, in that case, the two-body decay channels ν̃ → νχ̃0 and/or
ν̃ → ℓ−χ̃+ involving the neutralinos and the charginos will open up. These two-
body decay modes should be forbidden in order to have a decay width Γν̃ . O(1)
keV. Meanwhile, we should have the three-body decay modes ν̃ → ℓ−τ̃+1 ντ and
ν̃ → ντ̃±1 τ

∓ to be the available ones. In addition, the branching fraction for the
ℓ−τ̃+1 ντ final state should be reasonable in order to get the oscillation signal. In
Ref. [151], it has been pointed out that, in order to achieve these requirements,
the spectrum should be

mτ̃1 < mν̃ < mχ̃0
1
,mχ̃±

1
, (3.8)

where the lighter stau (τ̃1) is the LSP. However, by astrophysical grounds (see,
for example, [162]), having τ̃1 as a stable charged particle is strongly disfavoured.
For example, by assuming a very small R-parity violating coupling which induces
the decay τ̃1 → ℓν but still allows τ̃1 to have a large enough decay length to
produce a heavily ionizing charged track inside the detector, the problem of the
stable stau could be avoided. The spectrum (3.8) can be obtained in some part of
the parameter space in the context of anomaly-mediated supersymmetry breaking
[163].

The minimal AMSB scenario used in this study has been discussed in Sub-
section 2.6.2, Appendix A.3, and in Refs. [1, 163]. In order to generate small
neutrino masses in this scenario, one should include the dimension-five operators
in the effective superpotential at the weak scale and also the associated soft SUSY
breaking interactions [163]. The exchange of a heavy right-handed neutrino with
mass M or the exchange of a heavy triplet Higgs boson are examples of the high-
energy SUSY preserving dynamics which generates the small neutrino masses.
Here, we assume that the scale M is far above the weak scale. The relevant part
of the superpotential and the soft SUSY-breaking interactions are given by [163]

∆Weff =
Φ0

M
λij(LiH2)(LjH2), (3.9)

∆Lsoft =
Cijλij
M

(L̃iH̃2)(L̃jH̃2), (3.10)

where H2 is the Higgs doublet superfield giving masses to the up-type quarks and
Li are the lepton doublet superfields. Φ0 is Eq. (2.83) and Cij ≈ FΦ0 . λ is a
matrix in flavour space. The derivation of the sneutrino mass splitting is in Refs.
[1, 163], and the important result is

(∆mν̃)ij ≈
FΦ0

mν̃
(mν)ij = O(4π(mν)ij/α). (3.11)

Since, at the e−γ collider, we want to produce an electron-sneutrino, the rele-
vant sneutrino-antisneutrino mass splitting in our case is given by (∆mν̃)ee =
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4π
α (mν)ee, where we have neglected the effects suppressed by ∆mν̃/δmν̃ . Here,
δmν̃ represents the deviation from the exact degeneracy of the ∆L = 0 sneutrino
masses, and δmν̃ ≫ ∆mν̃ . Consequently, for a given neutrino mass, the AMSB
model predicts a larger sneutrino-antisneutrino mass splitting compared to the
models where Cij/mν̃ = O(1).

Several analyses of cosmological data [164, 165, 166, 167, 168, 169] give an
upper limit on the sum of the neutrino masses in the range Σi|mi| ≤ (0.4–1.7) eV
(at 95% C.L.). However, if we consider only the lower end of this limit, then we
have mν . 0.14 eV for three degenerate neutrinos of mass mν . On the other hand,
neutrinoless double beta decay provides direct information on the absolute scale
of the neutrino masses. Since the neutrinoless double beta decay is related to the
lepton number violating Majorana mass of the neutrino, it is also important. The
limit from the neutrinoless double beta decay is |(mν)ee| ≤ 0.2 eV [45, 149, 170],
where (mν)ee = ΣU2

eimi in terms of the mixing matrix (Uei) and the mass eigen-
values (mi). From Eq. (3.11) and the probability (3.2), it can be seen that the
oscillation probability depends on the neutrino mass matrix elements (mν)ee.
Hence, information on (mν)ee can also be obtained from sneutrino-antisneutrino
mixing [163, 171]. An important thing to notice is that the one-loop contribution
to the neutrino mass coming from the sneutrino mass splitting can also be signif-
icant [151]. We write the total contribution as (mν)ee = (mν)

0
ee + (mν)

1
ee, where

(mν)
0
ee is the tree-level value discussed in Eq. (3.11) and (mν)

1
ee is the one-loop

contribution, and, then, we use the constraint |(mν)ee| < 0.2 eV.

3.2.3 Results for the e−γ collider

In this review of Ref. [1], we are interested in the production process [172] e−γ →
ν̃eχ̃

−
1 , and, then, we look at the oscillation of the ν̃e into a ν̃∗e . The resulting

antisneutrino decays through the three-body channel ν̃∗e → e+τ̃−1 ν̄τ with a large
branching ratio. On the other hand, the chargino χ̃−

1 subsequently decays into a
τ̃−1 and an antineutrino (ν̄τ ). The neutrinos escape detection and give rise to an
imbalance in momentum. Hence, the signal is

e−γ → ν̃eχ̃
−
1 → e+ + τ̃−1 + τ̃−1 + pT/ , (3.12)

where the two τ̃−1 ’s are long-lived (at the detector scale) and can produce heavily
ionized charged tracks inside the detector after traversing a macroscopic distance.
The (soft) positron serves as the trigger for the event. We assume that the τ̃−1
decays through a tiny R-parity violating coupling (discussed shortly in Section
2.3) λ233 = 5 × 10−9 into charged lepton + neutrino pairs, so that a substantial
number of events do have a reasonably large decay lengths for which the displaced
vertex may be visible.

Due to the presence of the heavily ionized charged tracks, the signal is entirely
free of any Standard Model background. However, there are backgrounds from
SUSY processes. The most important possibility is the associated production of
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the left-selectron (ẽ−L ) and the lightest neutralino (χ̃0
1). When the mass of the left-

selectron is larger than the mass of the lighter chargino, then it may subsequently
decay into an (e− + χ̃0

1) pair or a (χ̃−
1 + νe) pair with the branching fractions

B(ẽ−L → e− + χ̃0
1) ≈ 33− 39% and B(ẽ−L → νe + χ̃−

1 ) ≈ 60− 66%, due to the fact
that both χ̃0

1 and χ̃−
1 are predominantly winos. The lightest neutralino (χ̃0

1) may
decay into an electron-neutrino (νe) and the associated antisneutrino (ν̃∗e ). The
χ̃0
1 always has this two-body mode available, because of the choice of our spectrum

in Eq. (3.8). The resulting antisneutrino can go to the three-body channel ν̃∗e →
e+τ̃−1 ν̄τ , and the chargino arising from the selectron decay may go into a (τ̃−1 + ν̄τ )
pair. The final background event, then, is e−γ → ẽ−L χ̃

0
1 → e+τ̃−1 τ̃

−
1 νeν̄τνeν̄τ ,

where the neutrinos give rise to the missing transverse momentum pT/ . It is worth
mentioning that the decay χ̃0

1 → ν̄eν̃e could contribute to the signal through the
ν̃e–ν̃

∗
e oscillation, but this process is further suppressed by the small oscillation

probability (less than 0.1) and is, hence, negligible.

In the case when ẽ−L is lighter than χ̃−
1 and χ̃0

1, it can decay into the chargino-
mediated three-body mode ẽ−L → νeτ̃

−
1 ν̄τ , which contributes to the background.

In this case, one should notice that χ̃0
1 goes to the two-body mode ν̃∗eνe, with

a branching ratio smaller than in the earlier case. There are other three-body
decay modes available for the left-selectron in this case, namely, ẽ−L → e−τ±τ̃∓1 ,
ẽ−L → νeℓ

−ν̃∗ℓ , ẽ
−
L → e−νµ,τ ν̃

∗
µ,τ , e

−ν̄µ,τ ν̃µ,τ and ẽ−L → ν̃eℓ
−ν̄ℓ where ℓ = e, µ, τ .

Here, we have neglected the three-body decays involving ẽR and µ̃R in the final
state.

Another source of background could be the associated production e−γ →
ẽ−L χ̃

0
2. However, this production process is kinematically forbidden for the entire

region of the parameter space we are investigating for a machine operating at√
see = 500 GeV. However, for a

√
see = 1 TeV collider, this process is allowed,

but the production cross section is too small to contribute significantly. The
2 → 3 process e−γ → νeẽ

−
L ν̃

∗
e could also contribute to the background, but the

production cross section in this case is very small (< O(10−2) fb) [173].

We select the signal events in Eq. (3.12) according to the following criteria: (i)
the transverse momentum of the positron must be large enough: pe

+

T > 10 GeV;
(ii) the transverse momentum of the τ̃−1 ’s must satisfy pτ̃1T > 10 GeV; (iii) the
positron and both the staus must be relatively central, i.e., their pseudorapidities
must fall in the range |ηe+,τ̃1 | < 2.5; (iv) the positron and the staus must be well-
separated from each other, i.e., the isolation variable ∆R ≡

√

(∆η)2 + (∆φ)2

(where η and φ denote the separation in rapidity and the azimuthal angle, respec-
tively) should satisfy ∆R > 0.4 for each combination; (v) the missing transverse
momentum pT/ > 10 GeV; (vi) both the heavily ionizing charged tracks due to the
long-lived staus should have a length ≥ 5 cm.

In Fig. 3.2, we show our results for the total number of positron events (Ne)
for a machine operating at

√
see = 500 GeV with 500 fb−1 integrated luminosity,

after imposing the kinematical cuts discussed above. The polarization choises are
PL = +1, Pb = Pe− = −0.8. We have chosen the value of (mν)

0
ee = 0.079 eV
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Figure 3.2: Parameter regions with tan β = 7 and µ < 0. The area (A) represents
the parameter region forbidden by the stau mass bound. The mass spectrum
(3.8) is obtained in the region between the area (A) and the line X. Assuming an
integrated luminosity of 500 fb−1 at

√
see = 500 GeV, the numbers of positron

events per year inside the contours are: (a) Ne ≥ 50, (b) Ne ≥ 500, (c) Ne ≥
1000, and (d) Ne ≥ 1300 for (mν)

0
ee = 0.079 eV, so that the total contribution

(mν)ee ≈ 0.2 eV, while satisfying Ne ≥ 5
√
Ne +NB.

which corresponds to (mν)ee ≈ 0.2 eV. In Fig. 3.2, the region marked by (A)
corresponds to a lighter stau mass of less than 86 GeV [174]. The area below
the line X does not satisfy the mass hierarchy of Eq. (3.8). Thus, the allowed
region in the (m0 −m3/2) plane is the one between the area (A) and the line X.
The other experimental constraints [174] which we have used are the mass of the
lighter chargino (mχ̃±

1
> 104 GeV), the mass of the sneutrino (mν̃ > 94 GeV) and

the mass of the lightest Higgs boson [175] (mh > 113 GeV). In addition, inside
the contours (a)–(d), the condition Ne ≥ 5

√
Ne +NB, where NB is the number of

background events, is satisfied. In Fig. 5 of Ref. [1], there is a plot similar to Fig.
3.2 but with

√
see = 1 TeV. In that plot, the numbers of the signal events inside

different contours are a bit lower, but the reach in parameter space is enhanced.

In Table I of Ref. [1], the effect of the different beam polarization choices is
illustrated. In addition, the effect of the cuts is shown.

Then, let us discuss the change in the number of events when (mν)
0
ee is varied

in such a way that it is consistent with the upper limit of 0.2 eV for the total
contribution (mν)ee. For this, we choose a machine operating at

√
see = 500 GeV.

Evidently, larger values of (mν)
0
ee give a larger cross section. This can also be seen
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Figure 3.3: Number of events (Ne) per year (with an integrated luminosity of 500
fb−1) as a function of mν̃e for different choices of (mν)

0
ee as dicussed in the text.

Here, tan β = 7, µ < 0 and m3/2 = 50 TeV. The values of the total contribution
(mν)ee corresponding to each line are shown in the figure. The horizontal line
stands for Ne = 100 satisfying Ne ≥ 5

√
Ne +NB.

in Fig. 3.3 for a sample choice of m3/2 = 50 TeV, tan β = 7 and µ < 0. With an

integrated luminosity of 500 fb−1, the number of events per year as a function of
mν̃e for different choices of (mν)

0
ee are plotted. The curves from below correspond

to (mν)
0
ee = 0.018 eV, 0.021 eV, 0.035 eV, 0.05 eV, 0.07 eV, and 0.081 eV. In the

figure, the corresponding values of the total contribution (mν)ee are shown. The
horizontal line gives Ne = 100 per year. What this figure tells us is that, if we
demand the value of Ne to be ≥ 100, so that the signal significance is ≥ 5σ, then
we can probe the value of (mν)ee down to ≈ 0.05 eV. On the other hand, the
current upper limit of 0.2 eV on (mν)ee sets the upper limit of (mν)

0
ee ≈ 0.081 eV.

The topmost curve in this figure starts from a slightly higher value of mν̃e , since
the bound on (mν)ee is not satisfied before that. This figure can also be used to
extract the value of (mν)ee with the knowledge of the number of events and other
masses.

The prompt decay of the τ̃−1 ’s has also been discussed in Ref. [1].

3.3 LHC

Since we obtained encouraging results for the e−γ collider, an interesting further
question to ask is whether one could see the oscillation of a (single) sneutrino at
the LHC, and this is the topic of this section (review of Refs. [2, 3]).
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Figure 3.4: ν̃τ oscillation probability as a function of m0.

This section deals with sneutrinos, on the one hand, with the decay width
O(10−8) GeV and, on the other hand, with the decay width O(10−14) GeV at the
LHC. As discussed in Section 3.1, the probability of Eq. (3.2) can be used directly
for the former and Eq. (3.4) should be used for the latter.

3.3.1 The AMSB case

In this review of the study of Ref. [2], we assume a similar mAMSB scenario and
a mass spectrum (3.8) as discussed in Subsection 3.2.2. However, this time, we
assume (mν)ii . 0.3 eV (i = e, µ, τ) for the neutrino masses. Similarly, for the
τ̃1’s, we assume a small R-parity violating coupling (. 10−8) inducing the decay
τ̃1 → ℓν, which occurs outside the detector after producing a heavily ionized
charged track in the detector. Worthwhile mentioning is that the three sneutrinos
are almost mass degenerate (ν̃τ is slightly lighter, though) and they are the next-
to-lightest supersymmetric particles (NLSP). We study a parameter space where
χ̃0
1 and χ̃±

1 are heavier than the other charged sleptons (possibly apart from τ̃2).
In Fig. 1 of Ref. [2], the region of the parameter space in m0 −m3/2 plane with
sign(µ) < 0 and tan β = 6, where the spectrum (3.8) is valid, is shown. In Fig.
3.4, we plot the ν̃τ oscillation probability as a function of the common scalar
mass m0 for three different choices of m3/2 with sign(µ) < 0 and tan β = 6 in the
allowed parameter space. As shown, the tau-sneutrino oscillation probability can
go as high as 0.45, and this is the probability that we propose to measure.

The first production process we will consider is

pp→ ν̃τ τ̃
+
1 . (3.13)
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Since ν̃τ decaying to a three-body final state with τ± is difficult to identify due
to the small branching ratio and τ detection efficiency, we look at other channels
mediated by virtual W− and H−. If the ν̃τ oscillates into a ν̃∗τ , we can have a
three-body final state, ν̃τ → ν̃∗τ → ℓ−τ̃+1 ν̄ℓ, leading to ℓ−τ̃+1 τ̃

+
1 +pT/ signature from

the process in Eq. (3.13). Here, ℓ = e, µ. For this process, the cross section is given
by σosc = σ(pp→ ν̃τ τ̃

+
1 )×Pν̃τ→ν̃∗τ ×Br(ν̃∗τ → ℓ−τ̃+1 ν̄ℓ), where Pν̃τ→ν̃∗τ denotes the

sneutrino oscillation probability. When the ν̃τ survives as a ν̃τ , one of the possible
three-body decays of the ν̃τ is ν̃τ → ℓ+τ̃−1 νℓ. This would lead to ℓ+τ̃−1 τ̃

+
1 + pT/

signature from the same process (3.13). Resembling the oscillation case, the cross
section for this process is given by σno osc = σ(pp → ν̃τ τ̃

+
1 )× Pν̃τ→ν̃τ × Br(ν̃τ →

ℓ+τ̃−1 νℓ), where Pν̃τ→ν̃τ denotes the sneutrino survival probability.
As mentioned earlier, in the presence of a very small R-parity violating cou-

pling, both of these staus would decay outside the detector after traversing the
whole length of the detector, producing a heavily ionized charged track. In this
case, the lepton number can be tagged by the charge of the long-lived stau.

Let us, then, define a charge asymmetry parameter in terms of the signal from
sneutrino oscillation and no oscillation:

Aasym ≡ σ(ℓ−τ̃+1 τ̃
+
1 + pT/ )− σ(ℓ+τ̃−1 τ̃

+
1 + pT/ )

σ(ℓ−τ̃+1 τ̃
+
1 + pT/ ) + σ(ℓ+τ̃−1 τ̃

+
1 + pT/ )

(3.14)

Since Br(ν̃τ → ℓ+τ̃−1 νℓ) = Br(ν̃∗τ → ℓ−τ̃+1 ν̄ℓ), one can rewrite Eq. (3.14) in the
following form

Aasym = Pν̃τ→ν̃∗τ − Pν̃τ→ν̃τ . (3.15)

Evidently, from Eq. (3.15), it follows that Aasym = −1 corresponds to no sneutrino
oscillation. Therefore, any deviation of Aasym from −1 would be the smoking gun
signature of sneutrino oscillation. From Eq. (3.15), it is obvious that the mea-
surement of the asymmetry immediately tells us about the sneutrino-antisneutrino
oscillation probability Pν̃τ→ν̃∗τ which is a function of the ratio xν̃ ≡ ∆mν̃/Γν̃ . This
means that, once the total sneutrino decay width is known, one can easily calcu-
late the mass splitting between the sneutrino and the antisneutrino. This mass
splitting is proportional to the neutrino mass, and, thus, the measurement of the
asymmetry gives the absolute value of the neutrino mass. Alternatively to the
neutrinoless double beta decay experiments, this is another way to probe the ab-
solute value of the neutrino mass. Worth noting is that there is very little SM
background to these signals, assuming that the long-lived staus produce heavily
ionized charged tracks which can be distinguished from the muon tracks. This is
possible, since, because of their large masses, the staus are much slower than the
muons.

However, there are several other SUSY processes giving rise to the same final
state as our signal. They arise from the production processes

pp→ ν̃ℓℓ̃
+
L with ℓ = e, µ, and pp→ χ̃0

1χ̃
+
1 . (3.16)
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Here, the relevant decay modes, which can lead to the same signal as we have from
Eq. (3.13), are for χ̃0

1, χ̃
+
1 , and ℓ̃+L : χ̃0

1 → ν̃ℓν̄ℓ, ν̃
∗
ℓ νℓ, ν̃τ ν̄τ , ν̃

∗
τ ντ ; χ̃

+
1 → ℓ̃+Lνℓ, τ̃

+
1 ντ ;

ℓ̃+L → τ̃+1 ντ ν̄ℓ; where ℓ = e or µ. Since the charged sleptons are lighter than the
neutralinos and the charginos, they decay to three bodies. If ν̃ℓ oscillates, it will
decay to a “wrong-sign charged lepton.” The relevant ν̃ℓ decays are ν̃ℓ → ℓ+τ̃−1 ν̄τ
(with oscillation) and ν̃ℓ → ℓ−τ̃+1 ντ (without oscillation) and correpondingly for
ν̃∗ℓ . The relevant decays of ν̃τ and ν̃∗τ have been discussed earlier.

Thus, for example, pp → χ̃0
1χ̃

+
1 → (ν̃ℓν̄ℓ)(ℓ̃

+
Lνℓ) can give rise to the signal

pp→ ℓ−τ̃+1 τ̃
+
1 + pT/ without ν̃ℓ oscillation, whereas the same decay chain can also

produce pp → ℓ+τ̃−1 τ̃
+
1 + pT/ for an oscillating ν̃ℓ. Similarly, pp → ν̃ℓℓ̃

+
L leads

to ℓ+τ̃−1 τ̃
+
1 + pT/ with the oscillation of the ν̃ℓ into a ν̃∗ℓ . The same production

process gives rise to the final state ℓ−τ̃+1 τ̃
+
1 + pT/ when ν̃ℓ does not oscillate. χ̃0

1

can also decay to a tau-sneutrino and a tau-neutrino, leading to the final states
pp → ℓ+τ̃−1 τ̃

+
1 + pT/ and pp → ℓ−τ̃+1 τ̃

+
1 + pT/ . Heavier neutralinos and chargino

are not considered in the production process because of their much smaller cross
sections.

The signal can also result from χ̃0
1 cascade decay without any intermediate

sneutrinos. For example, pp→ χ̃0
1χ̃

+
1 → (τ−τ̃+1 )(τ̃+1 ντ ) can lead to ℓ−τ̃+1 τ̃

+
1 + pT/ ,

where τ− decays leptonically. Similarly, pp→ χ̃0
1χ̃

+
1 → (ℓ+ℓ̃−L )(τ̃

+
1 ντ ) can produce

ℓ+τ̃−1 τ̃
+
1 + pT/ .

All the processes discussed above can be regarded as the SUSY backgrounds
to the signals originating from the process (3.13). In order to observe the signa-
ture of the ν̃τ oscillation, the charge asymmetry Aasym must be considered after
taking into account these backgrounds. Worth noting here is that the processes
involving ν̃ℓ/ν̃

∗
ℓ contribute to the final states ℓ+τ̃−1 τ̃

+
1 +pT/ and ℓ−τ̃+1 τ̃

+
1 +pT/ in an

opposite manner compared to the signal processes. Therefore, it is crucial to find
suitable kinematical cuts to remove these backgrounds, so that the signatures of
the ν̃τ oscillation can be observed through the measurements of the lepton charge
asymmetry defined in Eq. (3.14).

We select the signal events with the following criteria: (i) pℓ
±

T > 5 GeV, (ii)

|ηℓ±,τ̃1 | < 2.5, (iii) transverse momentum of both τ̃−1 ’s must satisfy pτ̃1T > 100
GeV, and (iv) pT/ < 20 GeV. The last mentioned two cuts are crucial in clearly
identifying signals from the SUSY background. Using these suitable cuts, one can
have signal significance ≈ 5 or even higher with an integrated luminosity of 30
fb−1.

In Table 3.1, we listed the cross sections of final states described above origi-
nating from different 2 → 2 production processes for a particular parameter point:
tan β = 6, µ < 0, m0 = 270 GeV, m3/2 = 57 TeV. The cross sections are obtained
after applying the selection cuts. One can see that the SUSY background events
are well suppressed compared to the signal events. However, it should be kept in
mind that, actually, there are now two different oscillation probabilities involved.
One is the tau-sneutrino oscillation probability, and the other is the electron-
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Cross Sections in fb

Process e−τ̃+
1 τ̃+

1 pT/ µ− τ̃+
1 τ̃+

1 pT/ µ+τ̃−
1 τ̃+

1 pT/ e+τ̃−
1 τ̃+

1 pT/

pp → ν̃τ τ̃
+
1 1.259 1.259 3.095 3.095

pp → ν̃ℓℓ̃
+
L 0.373 0.373 0.303 0.303

pp → χ̃0
1χ̃

+
1 0.206 0.206 0.206 0.206

(with ν̃s)

pp → χ̃0
1χ̃

+
1 0.036 0.036 0.036 0.036

(no ν̃s)

Table 3.1: Cross sections for pp → ℓ−τ̃+1 τ̃
+
1 + pT/ and pp → ℓ+τ̃−1 τ̃

+
1 + pT/ from

different two body production processes. Here, tan β = 6, µ < 0, m0 = 270 GeV,
and m3/2 = 57 TeV.

Parameter point Aasym ± Errors

tan β, m0(GeV), osc.

m3/2(TeV) (no osc.) 30 fb−1 100 fb−1 300 fb−1

5,370,81, µ < 0 -0.515 0.072 0.040 0.023

(-0.859) (0.043) (0.024) (0.014)

6,270,57, µ < 0 -0.325 0.052 0.029 0.017

(-0.676) (0.041) (0.022) (0.013)

7,248,49, µ < 0 -0.149 0.044 0.024 0.014

(-0.266) (0.043) (0.024) (0.014)

Table 3.2: Asymmetries and the corresponding errors for different parameter
points. Numbers in the brackets are for the no-oscillation case.

(muon-) sneutrino oscillation probability. Hence, by measuring the asymmetry as
defined in Eq. (3.14), it would, in fact, not be possible to measure these two oscil-
lation probabilities. Nevertheless, the measurement of the asymmetry can clearly
indicate whether the sneutrinos are oscillating or not. This has been demon-
strated in Table 3.2, where we show the asymmetries with or without sneutrino
oscillations, including the SUSY background for three different parameter choices.
It is seen from the table that, already with 30 fb−1, one can distinguish between
the oscillation and no oscillation cases in these sample points. When tan β grows,
the ratio between the SUSY signal and the background reduces. Thus, this mea-
surement, with the cuts used, is possible for small tan β.

If the SUSY spectrum is not known, one can, in favorable cases, still deduce
whether there is sneutrino oscillation or not. This is demonstrated in Fig. 3.5 for
tan β = 5, 6 and the values of m0 and m3/2 for which the signal cross sections
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Figure 3.5: Correlation between ∆n and Aasym for the oscillation and the no-
oscillation cases for different parameter points.

are large. Here, it has been required that oscillation probability is more than
0.25 and the signal significance & 5. We plot the difference (∆n) between the
numbers of events for pp → ℓ−τ̃+1 τ̃

+
1 + pT/ and pp → ℓ+τ̃−1 τ̃

+
1 + pT/ for integrated

luminosity 30 fb−1 vs the asymmetry. The corresponding errors are shown at the
1σ level. It can be seen from this correlation plot that the sneutrino oscillation
represents bigger asymmetry and bigger ∆n, whereas, in the case of no sneutrino
oscillation, the value of ∆n and the asymmetry should be on the smaller side. This
is expected, since, with the cuts that we have imposed, the ν̃τ type of oscillation
signal is stronger. When there is oscillation, the splitting between two different
charge final states is smaller, and, naturally, the asymmetry is closer to zero.

An interesting thing to note is that one can also make the processes involving
the ν̃e/µ dominate over the process pp → ν̃τ τ̃

+
1 by switching the missing pT cut,

i.e., by using pT/ > 20 GeV. In this case, the asymmetry comes out with an opposite
sign. By looking at the sign of the asymmetry parameter and with an appropriate
missing pT cut, one can conclude whether the processes involve predominantly ν̃τ
or ν̃e/µ, which is another remarkable feature of this study.

3.3.2 The very small sneutrino width case

Motivated by the fact discussed in Section 3.1 (and in Ref. [3]) that, when the
sneutrino (antisneutrino) decay width Γν̃ is much smaller (i.e., ∼ 10−14 GeV or
so), the L- and γ-dependences are much more pronounced. That is, in this situa-
tion, if one uses the oscillation probability of Eq. (3.2), the oscillation probability
could be overestimated. Such small values of the sneutrino decay width are pos-
sible, for example, in a scenario where the left-handed sneutrino NLSP is nearly
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degenerate to the lighter stau LSP and the dominant decay channel for ν̃τ is

ν̃τ → τ̃−1 + π+, (3.17)

with a total decay width Γ ∼ 10−14 GeV. In some models with an extra U(1)B−L,
the oscillation of a right-chiral sneutrino (ν̃R) can be important. In such cases, the
total decay width of ν̃R can be as small as ∼ 10−14 GeV. The left-chiral sneutrino
decay width can also be reduced if it has a significant mixing with the right-chiral
counterpart.

Here, we concentrate on the case of Eq. (3.17). This means that, when the
dominant sneutrino decay is ν̃τ → τ̃−1 + π+, one can see a signal pp → ν̃τ τ̃

+
1 →

τ̃−1 τ̃
+
1 + π+. This produces two heavily ionized charged tracks with opposite

curvatures when there is no oscillation and with same curvatures when there is
sneutrino oscillation. Due to the slower velocity of staus, we assume that these
stau tracks can be distinguished from the muon tracks. Similarly, one should
also look at the signal pp → ν̃∗τ τ̃

−
1 → τ̃+1 τ̃

−
1 + π−. Worth noting here is that the

sneutrino is long-lived (decay length approximately a few centimeters), and, hence,
one of the staus produced from the decay of the sneutrino shows a secondary vertex
which is well separated from the primary vertex. This is a very spectacular signal
and free from any SM or SUSY backgrounds.

We consider a mass spectrum with a ν̃τ NLSP and a τ̃1 LSP. We include a tiny
R-parity violating coupling (. 10−8) such that the τ̃1 decays outside the detector,
leaving a heavily ionized charged track. We assume that this small R-parity vio-
lating coupling does not change the total decay width of the sneutrino. Different
regions of interest for the strength of the RPV coupling and the sneutrino width
have been sketched in Ref. [3].

The mass of the sneutrino is considered to be mν̃τ = 100 GeV, and the mass
of the τ̃1 is mτ̃1 = 99.7 GeV. The stau mixing angle is taken to be π/4. The
other relevant parameter choices are M1 = 120 GeV, M2 = 240 GeV, µ = −250
GeV, tan β = 6, mA0 = 600 GeV and Aτ = 250 GeV. Here, M1 and M2 are the
U(1) and SU(2) gaugino mass parameters, respectively, µ is the superpotential
µ-parameter, mA0 is the pseudoscalar Higgs boson mass, and Aτ is the trilinear
scalar coupling of the staus. With these values of the parameters, the total decay
width of the sneutrino is Γ ≈ 1 × 10−14 GeV, while the branching ratio of the
decay ν̃τ → τ̃−1 + π+ is 93%. In fact, the branching ratio is greater than 90%
when the mass splitting between the ν̃τ and the τ̃1 is in the range 200–350 MeV.
At the LHC, we get the opposite-sign (OS) stau signal pp → τ̃+1 τ̃

−
1 from both

ν̃τ τ̃
+
1 and ν̃∗τ τ̃

−
1 productions with the effective survival probability (1−Peff ). The

same-sign (SS) stau signal pp→ τ̃+1 τ̃
+
1 or τ̃−1 τ̃

−
1 we get from either ν̃τ τ̃

+
1 or ν̃∗τ τ̃

−
1

productions with the effective oscillation probability (Peff ).
We select the signal events with the following criteria: (i) the pseudorapidities

of the staus must be |ητ̃1 | < 2.5, (ii) the isolation variable ∆R ≡
√

(∆η)2 + (∆φ)2

should satisfy ∆R > 0.7 for the two staus, (iii) the transverse momentum of both
staus must satisfy pτ̃1T > 20 GeV, and (iv) the βγ should be 0.3 < βγ < 2.0. The
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∆m [GeV] 10−14 10−13 10−10

Cross section in fb

Signal OS SS OS SS OS SS
√
s = 7 TeV 31.0 8.1 20.6 18.6 20.3 18.8

√
s = 12 TeV 52.0 13.6 34.4 31.2 34.1 31.6

√
s = 14 TeV 60.2 15.8 39.9 36.1 39.4 36.5

Table 3.3: Cross sections for the opposite-sign (OS) and same-sign stau signals
(SS) with several center of mass energies and ∆m’s. Here, L = 0.10 m. The cuts
used are mentioned in the text.

upper limit of βγ reduces the muon background considerably. Applying these
cuts, the cross sections with different center of mass energies and different ∆m’s
are presented in Table 3.3 for L = 0.10 m. From Table 3.3, it is clear that, for
∆m & 10−13 GeV, the cross sections almost saturate. Even putting ∆m to its
maximum value, 10−7 GeV (see Eq. (8) of Ref. [151]), does not change the cross
sections from the ∆m = 10−10 GeV values. On the other hand, we can probe down
to ∆m = 10−14 GeV and measure several SS events even with 10 fb−1 luminosity.
Using the SS and OS cross sections, we define the asymmetry A = σ(SS)−σ(OS)

σ(SS)+σ(OS) .
As an example, we show one value of this asymmetry, A = −0.038 ± 0.011,
obtained by using σSS and σOS for

√
s = 14 TeV with ∆m = 10−10 GeV from

Table 3.3 and assuming an integrated luminosity of 100 fb−1. The asymmetry
A gives direct information about the oscillation probability and is independent
of initial state parton densities and other uncertainities arising from higher order
corrections. Easily, it can be checked that Peff = (1 + A)/2. One can calculate
the effective oscillation probability by measuring the value of A. In our example,
we get Peff = 0.48.

In Table 3.4, there are the cross sections with different center of mass energies
and different ∆m’s for L = 0.30 m. These L = 0.30 m values already correspond
to the non-relativistic oscillation probability (i.e., we have Eq. (3.2) at hand).
This means that, for example, the SS values for

√
s = 14 TeV in Table 3.3 become

∼ 4− 14% higher if the non-relativistic formula is used.
If one can measure the three-momentum (|p|) of the stau track and the corre-

sponding βγ at the LHC, then one can get an estimate of the stau mass mτ̃1 = |p|
βγ

[176, 177]. In Fig. 3.6, the plot of the measured stau mass coming from the (SS)
with

√
s = 14 TeV, ∆m = 10−14 GeV and L = 0.10 m is shown. All the cuts

mentioned in an earlier paragraph are used here. The stau momentum and the
velocities are smeared according to the formulae given in Ref. [177].
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∆m [GeV] 10−14 10−13 10−10

Cross section in fb

Signal OS SS OS SS OS SS
√
s = 7 TeV 29.9 9.3 19.8 19.3 19.6 19.6

√
s = 12 TeV 50.1 15.6 33.2 32.5 32.8 32.8

√
s = 14 TeV 57.9 18.0 38.4 37.6 38.0 38.0

Table 3.4: Cross sections for the opposite-sign (OS) and same-sign stau signals
(SS) with several center of mass energies and ∆m’s. Here, L = 0.30 m. The cuts
used are mentioned in the text.
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Chapter 4

Summary

Several theoretical and experimental hints point towards physics beyond the Stan-
dard Model. One of the most challenging tasks for all the current and future
accelerators is to discover, or rule out, supersymmetry. Also, finding just the
(lightest, possibly supersymmetric) Higgs boson is crucial. A few features of
conceivable models beyond the SM and their possible realizations for studying
sneutrino-antisneutrino oscillation at different colliders have been discussed in
this dissertation.

Supersymmetry is a beautiful and appealing concept whose idea is to continue
using symmetries as the fundamental basis for physical theories. One benefit of
this theory is that, in the low-energy effective theories, it nicely removes the gauge
hierarchy problem and incorporates a pinpoint gauge coupling unification. How-
ever, one problem is that, without knowing the underlying, fundamental theory,
supersymmetry introduces overwhelmingly many new parameters. Not know-
ing the values of these parameters can drown all the predictability of the model.
Making supersymmetry a local symmetry can ease some of this uncertainty about
the parameters. It is thought that this is a necessary feature at the higher energy
scales and in models that relate general relativity to supersymmetry. Local super-
symmetry, that is to say, supergravity, gives hints about ways how to, eventually,
break supersymmetry. This must, at some stage, happen, since we don’t live in
a supersymmetric world: supersymmetric particles mass degenerate with their
SM partners have not been observed. Inspired by supergravity and the possible
underlying grand unified theory, it is possible to reduce the huge number of the
supersymmetric parameters to only a few. One of these models, the anomaly-
mediated supersymmetry breaking, has been discussed in this dissertation. Also,
a specific model within general MSSM has been discussed.

Motivated by the results in the neutrino sector, which strongly indicate that
lepton number is violated in Nature, lepton number violation in the sneutrino
sector has been considered in this dissertation. More specifically, sneutrino-
antisneutrino oscillations and their possible detection in certain scenarios have
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been studied. This phenomenon comes about whenever there are non-zero Ma-
jorana neutrino masses. These lepton number violating (∆L = 2) Majorana
neutrino mass terms can induce a mass splitting between the physical sneutrino
mass eigenstates. This mass splitting then induces the sneutrino-antisneutrino
oscillations. Studying this phenomenon is interesting, because it is connected to
(Majorana) neutrino parameters.

A study for the e−γ mode of the International Linear Collider was reviewed. A
specific mass spectrum in an anomaly-mediated supersymmetry breaking scenario
was assumed, since this scenario is good for detecting the sneutrino-antisneutrino
oscillation signal. Even considering the backgrounds, the e−γ collider seems to
have a good potential for studying ν̃e–ν̃

∗
e mixing in that model. An e−γ collider

is suitable for this study, because, there, we can produce only one sneutrino and
study its oscillation into an antisneutrino.

A similar study as before but for the LHC was also reviewed. As one might
expect, backgrounds play a bigger role at the LHC. Since the LHC is an ongoing
experiment, it was valuable to see whether the sneutrino-antisneutrino oscillation
is observable at the LHC. In this case, there are very many background processes.
However, most of them give quite a small contribution. Studying a certain asym-
metry, it could possibly be seen whether the sneutrinos oscillate or not at the
LHC. With enough data, the results are quite promising.

Usually, the oscillation probability formula where the sneutrinos are produced
at rest is used. However, it was reviewed that taking the Lorentz factor and
the distance into consideration can be important, especially when the sneutrino
decay width is very small, say, ∼ 10−14 GeV. The effects of the general oscillation
probability formula were demonstrated within a general MSSM scenario where the
tau-sneutrino width is very small. Due to the long lifetime of the tau-sneutrino,
the signal has a secondary stau vertex which makes the signal very spectacular
and free from SM or SUSY backgrounds. The cross sections are encouraging even
with the luminosity of 10 fb−1.

Sneutrino-antisneutrino oscillation is a very important tool to look for lepton
number violation at different colliders. In addition, this oscillation can provide
us with information on the neutrino sector. At the time of the Tevatron (even
though it will be closed soon) and the LHC, physicists are living very exciting
times. Expect the unexpected!
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Appendix A

Notation and some formulae

In this appendix, a collection of notation and some essential formulae are given.

A.1 Notation

The metric used in this dissertation is flat and is given by

ηµν =















1 0 0 0

0 −1 0 0

0 0 −1 0

0 0 0 −1















. (A.1)

Units: The so-called natural units are used, i.e., the reduced Planck constant
and the velocity of light are put equal to one: ~ = 1 = c.
Weyl spinors: (ψα, α = 1, 2) ∈ Lorentz representation (12 , 0). The spinor
components are Grassmann variables, i.e., ψαψ

′
β = −ψ′

βψα.

Complex conjugate spinor: (ψ̄α̇ = (ψα)
∗, α̇ = 1̇, 2̇) ∈ Lorentz repr. (0, 12).

Raising and lowering of the spinor indices:

ψα = εαβψβ, ψα = εαβψ
β , (A.2)

where εαβ = −εβα, ε12 = 1, εαβ = −εαβ , εαβεβγ = δαγ . For the dotted indices
(complex conjugated spinors), the results are analogous.
Sigma matrices:

(σµ
αβ̇

) = (σ0
αβ̇
, σ1

αβ̇
, σ2

αβ̇
, σ3

αβ̇
), (A.3)

σ̄α̇βµ = σβα̇µ = εβαεα̇β̇σµαβ̇ , (A.4)

(σµν)α
β =

i

2
(σµσ̄ν − σν σ̄µ)α

β, (A.5)

(σ̄µν)α̇β̇ =
i

2
(σ̄µσν − σ̄νσµ)α̇β̇, (A.6)
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where

σ0 =





1 0

0 1



 , σ1 =





0 1

1 0



 , σ2 =





0 −i
i 0



 , σ3 =





1 0

0 −1



 , (A.7)

σ̄0 = σ0, σ̄i = −σi = σi, (A.8)

σ0i = −σ̄0i = −iσi, σij = σ̄ij = εijkσk, i, j, k = 1, 2, 3. (A.9)

Here, σi (i = 1, 2, 3) are the standard Pauli matrices.

A.2 One-loop RG equations of the MSSM

For completeness, the renormalization group equations for the MSSM at one-
loop order [107, 108] are given here (but written as in, e.g., [66]). The two-loop
expressions are given in [178] (see also [179]). They can also be calculated using
the supergraph method [180].

For the one-loop equations, only the third family Yukawa couplings are taken
to be significant. The equations are in the DR scheme which is the modified
minimal substraction scheme using dimensional reduction. The RGEs for the
gauge couplings and gaugino masses were already presented in Eq. (2.44). The
dimensionless scale is defined as t = lnQ/MGUT, where, adopting the so-called
unversality hypothesis, MGUT ≃ 2 × 1016 GeV is the grand unified scale where
the gauge couplings, gaugino masses, scalar masses, and trilinear couplings each
have some common value (in addition, all off-diagonal soft SUSY breaking scalar
masses and off-diagonal a-parameters are set to zero). In other words, at the scale
Q =MGUT,

g1 = g2 = g3 ≡ gGUT, (A.10)

M1 =M2 =M3 ≡ m1/2, (A.11)

m2
Qi

= m2
ūi

= m2
d̄i

= m2
Li

= m2
ēi = m2

Hu
= m2

Hd
≡ m2

0, (A.12)

at = ab = aτ ≡ a0. (A.13)

The renormalization group equations for the Yukawa couplings are

dyt
dt

=
yt

16π2

[

6|yt|2 + |yb|2 −
16

3
g23 − 3g22 −

13

15
g21

]

, (A.14)

dyb
dt

=
yb

16π2

[

6|yb|2 + |yt|2 + |yτ |2 −
16

3
g23 − 3g22 −

7

15
g21

]

, (A.15)

dyτ
dt

=
yτ

16π2

[

4|yτ |2 + 3|yb|2 − 3g22 −
9

5
g21

]

. (A.16)
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Equations for the first and second family squark and slepton mass squareds are

16π2
dm2

ϕi

dt
= −

∑

a=1,2,3

8g2aCa(i)|Ma|2 +
6

5
g21YiS, (A.17)

for each scalar ϕi. In Eq. (A.17), the S-parameter has been defined in Eq. (2.49)
(see also the footnote on S on page 25: here, actually, S = 0, but S’s are writ-
ten down for completeness), and the sum is over the three gauge groups U(1)Y ,
SU(2)L, and SU(3)C , with the coefficients Ca(i) being the quadratic Casimir
group theory invariants for the scalar ϕi for each gauge group, which are defined
in terms of the Lie algebra generators T a by Ca(i)δ

j
i = (T aT a)i

j . Explicitly, for
the MSSM supermultiplets, C1(i) = 3Y 2

i /5, where Yi is the weak hypercharge,
C2(i) = 3/4 for ϕ = Q̃i, L̃i,Hu,Hd and 0 for other scalars, and C3(i) = 4/3 for

Q̃i, ˜̄ui,
˜̄di and 0 for other scalars. The equations for m2

Hu
and m2

Hd
are given in

Eqs. (2.47) and (2.48). They depend on parameters Xt, Xb, and Xτ which are
defined in Eqs. (2.50)–(2.52). Also, the third family squark and slepton mass
squared parameters depend on these parameters:

16π2
dm2

Q3

dt
= Xt +Xb −

32

3
g23 |M3|2 − 6g22 |M2|2 −

2

15
g21 |M1|2 +

1

5
g21S, (A.18)

16π2
dm2

ū3

dt
= 2Xt −

32

3
g23 |M3|2 −

32

15
g21 |M1|2 −

4

5
g21S, (A.19)

16π2
dm2

d̄3

dt
= 2Xb −

32

3
g23 |M3|2 −

8

15
g21 |M1|2 +

2

5
g21S, (A.20)

16π2
dm2

L3

dt
= Xτ − 6g22 |M2|2 −

6

5
g21 |M1|2 −

3

5
g21S, (A.21)

16π2
dm2

ē3

dt
= 2Xτ −

24

5
g21 |M1|2 +

6

5
g21S. (A.22)

The RGEs for the trilinear soft SUSY breaking terms (in models where they
are proportional to the corresponding Yukawa coupling) are

16π2
dat
dt

= at

[

18|yt|2 + |yb|2 −
16

3
g23 − 3g22 −

13

15
g21

]

+ 2aby
∗
byt

+yt

[

32

3
g23M3 + 6g22M2 +

26

15
g21M1

]

, (A.23)

16π2
dab
dt

= ab

[

18|yb|2 + |yt|2 + |yτ |2 −
16

3
g23 − 3g22 −

7

15
g21

]

+2aty
∗
t yb + 2aτy

∗
τyb

+yb

[

32

3
g23M3 + 6g22M2 +

14

15
g21M1

]

, (A.24)
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16π2
daτ
dt

= aτ

[

12|yτ |2 + 3|yb|2 − 3g22 −
9

5
g21

]

+ 6aby
∗
byτ

+yτ

[

6g22M2 +
18

5
g21M1

]

. (A.25)

The equations for the Higgs doublet mixing parameter b and the supersym-
metric mass parameter µ are

16π2
dµ

dt
= µ

[

3|yt|2 + 3|yb|2 + |yτ |2 − 3g22 −
3

5
g21

]

, (A.26)

16π2
db

dt
= b

[

3|yt|2 + 3|yb|2 + |yτ |2 − 3g22 −
3

5
g21

]

+µ

[

6aty
∗
t + 6aby

∗
b + 2aτy

∗
τ + 6g22M2 +

6

5
g21M1

]

(A.27)

These complete the set of RG equations of the MSSM parameters.

A.3 The minimal AMSB spectrum

As discussed in Subsection 2.6.2, in the minimal AMSB model, a (sufficiently
large) universal mass parameter m0 is added in order to make slepton mass
squareds positive. It is assumed that the mAMSB mass relations hold at Q =
MGUT, and weak scale parameters are obtained from these via RGE evolution
(see Section 2.5).

At one-loop level, with the field content of the MSSM at low energy, gaugino
masse are given by [147]

M1 =
33

5

g21
16π2

m3/2, (A.28)

M2 =
g22

16π2
m3/2, (A.29)

M3 = −3
g23

16π2
m3/2. (A.30)

Note the differing sign on the gluino mass term. Third generation scalar masses
are given by

m2
ū3

=

(

−88

25
g41 + 8g43 + 2ytβ̂yt

) m2
3/2

(16π2)2
+m2

0, (A.31)

m2
d̄3

=

(

−22

25
g41 + 8g43 + 2ybβ̂yb

) m2
3/2

(16π2)2
+m2

0, (A.32)

m2
Q3

=

(

−11

50
g41 −

3

2
g42 + 8g43 + ytβ̂yt + ybβ̂yb

) m2
3/2

(16π2)2
+m2

0, (A.33)
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m2
L3

=

(

−99

50
g41 −

3

2
g42 + yτ β̂yτ

) m2
3/2

(16π2)2
+m2

0, (A.34)

m2
ē3 =

(

−198

25
g41 + 2yτ β̂yτ

) m2
3/2

(16π2)2
+m2

0, (A.35)

m2
Hu

=

(

−99

50
g41 −

3

2
g42 + 3ytβ̂yt

) m2
3/2

(16π2)2
+m2

0, (A.36)

m2
Hd

=

(

−99

50
g41 −

3

2
g42 + 3ybβ̂yb + yτ β̂yτ

) m2
3/2

(16π2)2
+m2

0. (A.37)

The trilinear couplings are given by

at = − β̂yt
yt

m3/2

16π2
, (A.38)

ab = − β̂yb
yb

m3/2

16π2
, (A.39)

aτ = − β̂yτ
yτ

m3/2

16π2
. (A.40)

The quantities β̂yi that enter the expressions for scalar masses and trilinear pa-
rameters are given by

β̂yt = 16π2βyt = yt

(

−13

15
g21 − 3g22 −

16

3
g23 + 6y2t + y2b

)

, (A.41)

β̂yb = 16π2βyb = yb

(

− 7

15
g21 − 3g22 −

16

3
g23 + y2t + 6y2b + y2τ

)

, (A.42)

β̂yτ = 16π2βyτ = yτ

(

−9

5
g21 − 3g22 + 3y2b + 4y2τ

)

. (A.43)

The first two generations of squark and slepton masses are obtained by appro-
priately changing the Yukawa couplings to first and second generation Yukawa
couplings (or, in practice, by setting those Yukawa couplings to zero).

As discussed in Subsection 2.6.2, there is a small mass difference between the
lighter chargino and the lightest neutralino coming from the tree-level gaugino-
higgsino mixing as well as from the one-loop corrected chargino and neutralino
matrices [147, 148]. The mass splitting has an approximate form:

∆χ̃ ≡ mχ̃±
1
−mχ̃0

1

=
m4

W tan2 θW
(M1 −M2)µ2

sin2 2β

[

1 +O
(

M2

µ
,
m2

W

µM1

)]

+
αM2

π sin2 θW

[

f

(

m2
W

M2
2

)

− cos2 θW f

(

m2
Z

M2
2

)]

, (A.44)
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where

f(x) ≡ −x
4
+
x2

8
lnx

+
1

2

(
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x
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)
√

4x− x2 tan−1

(

(1− x)
√
4x− x2

3x− x2

)

. (A.45)

For a very large M2, ∆χ̃ reaches an asymptotic value of ≈ 165 MeV.
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