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Abstract

This thesis is an investigation into the current bounds on the trilinear R—parity—violating
couplings in the Minimal Supersymmetric Standard Model without R—parity conservation. The
model is described, and its implications are discussed. Bounds on the couplings are obtained
from leptonic and mesonic decay data, approximating mediating sfermions as much heavier
than the decaying particles and assuming that only one set of couplings is non-zero for each
decay. Those bounds from the purely leptonic decay data are compared to bounds from the
LEP-II data, over a large range of sfermion masses. A potential signal of R—parity—violation at
existing lepton colliders is calculated assuming that certain couplings are close to their bounds.
The signal is found to be feasible and the backgrounds to the process are found to be negligible.
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Chapter 1

Introduction

Nature is well described at the smallest scales which we can probe in experiment by the
Standard Model of Particle Physics. However, this model is generally not considered to be
the most fundamental description of the universe. Its supersymmetric extension, the Minimal
Supersymmetric Standard Model, is a very popular candidate for the next refinement of our
understanding of short—distance physics, though there is as yet no direct evidence for its
realization. The Minimal Supersymmetric Standard Model is defined with a discrete symmetry
called R—parity, which is introduced for phenomenological reasons but which has no theoretical
basis. This thesis investigates the experimental constraints on the R—parity—disallowed particle
interaction couplings from heavy lepton and meson decay data, and considers whether collider
searches could find signals of such interactions should the couplings be just under their bounds
from the decay data.

The first chapter provides an introduction to the Standard Model as a quantum field theory
and then attempts to motivate extending the Standard Model, especially by supersymmetry.
The second chapter describes the model upon which this thesis is based, and illustrates some
of its characteristics. The third chapter uses experimental data on the non—observation of
particular rare decays to place bounds on the many of the parameters of the extended model.
The fourth chapter investigates whether the non—observation of particular processes at the high
energy LEP2 run enhance the associated bounds in any regions of the parameter space. The
fiftth chapter calculates the signal and background for single b quark production at current
electron—positron colliders should the model’s couplings be just below the bounds calculated
in chapter 3. The sixth chapter reviews the thesis and discusses its results. The appendices
provide descriptions of the conventions used, the input data used, the method of dealing with
quantum chromodynamic bound states employed, and more details on topics touched upon in
the main text.

1.1 Quantum Field Theory

The laws of physics of the fundamental particles as they are currently known are described
almost completely within experimental limits by the Standard Model of Particle Physics (the
SM). The SM is a quantum field theory: that is to say, the physical properties of every particle
are described by quantum fields, which are objects which have values for properties for every
single point in a continuous space-time. These quantum fields are not classical fields, in the
sense that they are not necessarily sets of commuting (complex) numbers: they are represented
by non—-commuting operators acting on the vacuum state.

The quantum fields are analogous to the quantum mechanical wavefunctions of particles;
however, they are more than that. The excitations of quantum fields are interpreted as particles,



in particular the plane—wave excitations are interpreted as particles with definite momenta.
An exciting consequence of a quantum field theory is that it describes particle creation and
annihilation.

1.2 The Standard Model of Particle Physics

The SM is a quantum field theory with Poincaré invariance (the laws of physics are the same
under boosts, rotations and translations of frames of reference) and the preservation of unitarity
(so that it preserves the inner product on its Hilbert space: this leads to the result that the
inner products of quantum states can be interpreted as probabilities, since they are always
between 0 and 1, and, if the states are normalized appropriately, unitarity ensures that the sum
of the probabilities of all possible outcomes remains 1). The dynamics come from Heisenberg’s
Equation of Motion: for an operator 4, the time—evolution is given by ih%A = [A, H], where
H is the Hamiltonian operator. Equivalently, one can use the Path Integral approach developed
by Feynman, also called the “Sum Over Histories” approach: the overlap of a final state with
an initial state is given by (final state [initial state) = [D(intermediate states)exp (iS), where
S is the action for a given intermediate state.

One might say that it is the Lagrangian density (where the action is the integral of the
Lagrangian density over space and time), £, of the SM which defines the model, as it contains
all the fields of the model, along with all their interactions. The Feynman rules can be read off
this Lagrangian density, and hence any interaction process can, in principle, be calculated, as
long as the interaction coupling constants are small enough for a perturbative approach, yielding
a power series in the coupling constants, to be valid. In this approach, the free—particle plane—
wave eigenstates are the solutions of the basic Hamiltonian which is perturbed by interactions.
This basic Hamiltonian is quadratic in all the fields, and therefore is solvable. Any term which
involves three or more fields is an interaction term.

The SM is defined with the minimal amount of fields and symmetries for which there is
evidence: the three flavors (or sometimes called generations) of charged leptons and neutrinos;
the three flavors of up—type and down—type quarks, in each of their three SU(3)¢c charges; the
gauge groups U(1)y and SU(2)r, which mix to become the electromagnetic and weak nuclear
forces, and SU(3)¢, the strong nuclear force, and their associated vector bosons; plus the Higgs
boson, which is required by the very successful Glashow—Weinberg—Salam model [3, 4, 5] of
electroweak interactions but is as yet undetected. U(1)y is a U(1) Lie group associated with
charges Y called hypercharges, SU(2)r, is an SU(2) Lie group which only affects “left—handed”
chiralities of fermions, and SU(3)¢ is an SU(3) Lie group of which the charges are known as
“colors” since the antisymmetric combination of the three charges is neutral under this group’s
transformations, reminiscent of how the human eye interprets the activation of all three types
of color—distinguishing photoreceptors as “colorless” white.

1.2.1 The SM Lagrangian Density

The Lagrangian density of the SM can be separated into four pieces: the kinetic part, LM, the

scalar potential part, L3N, the Yukawa part, L33, and the Yang-Mills part, LM,

The Kinetic Part The classical equation of motion for the field is that which has the action
at an extremum. If one takes the kinetic part of the SM Lagrangian density only and ignores
the couplings of the particles to the gauge fields, the equations of motion obtained are those of
massless free particles in flat Minkowski space: i.e. the massless Dirac equation (equation (A.3)
in appendix A) for fermionic fields (such as the electron) and the massless Klein-Gordon
equation (equation (A.2) in appendix A) for scalar bosonic fields (which, in the SM, is only
the Higgs boson). If now the gauge fields are included, the equations become those of massless
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particles in external fields.
Ly = i + (D)1 (D)) (1.1)

where the 1; are the fermions: three flavors of charged leptons: electron (e), muon (1) and
tau lepton (7); three flavors of neutrinos: electron-neutrino (v.), muon-neutrino (v,) and tau-
neutrino (v, ); three flavors of up—type quarks: up (u), charm (c¢) and top (¢); and three flavors
of down—type quark: down (d), strange (s) and bottom (b); also, there are three versions of
each of these six flavors of quark forming an SU(3)¢ triplet; and the ¢, are the scalar bosons:
in the SM, just the Higgs boson doublet (¢", ¢*). The D,, are covariant derivatives, which are
different for each fermionic field depending on their gauge-transformation properties.

The fermionic aspect of the SU(2) gauge symmetry is most naturally expressed in terms
of two—component chiral spinors or Weyl spinors, which are related to Dirac spinors through
projection operators Pj, (left~handed) and Pg (right—handed); the left—-handed component of
a Dirac spinor v is denoted by v¥; = Pry and the right-handed component is denoted by
g = Prv. The sum of these components is exactly the Dirac spinor; that is to say Pr+Pr = 1.

The Scalar Potential Part The potential part of the Lagrangian density is, in the SM, just
the potential energy density due to the Higgs boson field.

LM = 126hp — Moh-9)? (1.2)

where ¢ is the SU(2); Higgs doublet. The relative difference in sign between the quadratic
(mass) and the quartic (self-interaction) terms leads to the celebrated Higgs mechanism
of spontaneously broken electroweak symmetry [6] (this mechanism was also discovered
independently by Englert and Brout [7] and by Kibble, Guralnik and Hagen [8]). The relative
sign difference means that the minimum of the potential is not at |¢| = 0, but at u/v/2\, so
re-writing the Higgs field as this constant plus fluctuations about it leads to the couplings of
the SU(2); gauge fields to the Higgs becoming couplings to the fluctuations plus quadratic
gauge boson terms, i.e. mass terms for the gauge bosons. It also leads to mass terms for the
fermions without breaking SU(2);, gauge—invariance.

The Yukawa Part The Yukawa [9] part is, in the SM, the interaction of the Higgs field with
the fermions. The vacuum expectation value of the Higgs field leads to mass terms for the
fermionic fields without breaking SU(2); gauge—invariance: a naive Dirac mass term z/?jmz/Jj
for the fermions mixes left— and right—handed chiralities, which have different transformations
under the SU(2)r gauge, hence such a term is forbidden. The mismatch between the mass
eigenstates and the SU(2), flavor eigenstates, since the Yukawa coupling matrix is not diagonal
in the SU(2)1 flavor basis, leads to the Cabibbo-Kobayashi-Maskawa (CKM) matrix [10, 11]
and weak—mediated mixing between flavors of quarks.

E%\]/Ik = —lekfsz'¢ eLR — YﬂngL-qS drr — YﬁngLaeaﬁq%ukR + Hermitian conjugate (1.3)

where L,z is the left-handed lepton SU(2)r doublet (in Weyl spinor notation) of flavor j, exr
is the right-handed charged lepton SU(2) singlet of flavor k, @1, is the left-handed quark
SU(2) 1, doublet of flavor j, ¢ is the Higgs doublet, dip is the right—-handed down—type quark
SU(2)r, singlet of flavor k and uypg is the right-handed up—type quark SU(2), singlet of flavor
k. The color indices have been suppressed: there are three copies of each of the bi—quark terms,
in which both quark fields have the same color. The components of the SU(2); doublets are
indicated by the indices o and b, and €,z is the rank two antisymmetric tensor; Qj La€aB®p 18
allowed as it is invariant under SU(2)y.



The Yang—Mills Part The Yang—Mills part leads to Maxwell’s equations (or the non—
Abelian generalization) for vector bosonic fields (such as the photon) in the absence of charges.
When combined with the fermion—vector boson interaction term from the kinetic part, it leads
to the equations including charges and currents.

—1 y
LM, = T > tr(Fu FM) (1.4)

gauge fields

where F,, = g ! [D,, D,] is the field strength tensor associated with each gauge symmetry, and
D, = (0, — igAZta). The Af, are the gauge fields of the symmetry, the ¢ are the generators of
the Lie group of the symmetry, and g is the coupling associated with the gauge. The quanta
of these fields are the vector bosons: depending on whether the symmetry is U(1)y, SU(2)L
or SU(3)c, they are the photon, the charged W bosons and the Z boson (ignoring the mixing
between the U(1)y vector boson and the neutral SU(2);, vector boson arising from the Higgs
mechanism), or the eight gluons.

1.3 Beyond The Standard Model

There are many reasons why one might not believe that the Standard Model is the last word
in particle physics. Foremost is that it does not even attempt to model gravity. Other than
that, most objections have an “aesthetic” feel to them. It can be claimed that the SM is not
satisfactory in the respects that there are three seemingly unrelated gauge symmetries, three
flavors of each fermion, differentiated only by their Higgs couplings, and perhaps most seriously
that all the masses and gauge couplings in the SM Lagrangian density receive infinite corrections
at the level of one-loop diagrams, at least perturbatively. These infinite renormalizations do
not cause the theory to become unphysical, in the sense that perfectly accurate physical results
are still predicted after some redefinitions, but they certainly cause at least some theorists
discomfort. More seriously, if one regards the SM as an effective theory, as one must if one is
to account for gravity, these infinite quantities are replaced by quantities depending on some
scale, up to which the SM is a good theory, but above which the SM cannot be considered
a good description of physics. Then the renormalization of quantities depends on this scale,
and the exact fine—tuning of some parameters (specifically the Higgs boson mass) to be within
physically acceptable values requires extremely precise cancellations. This is known as the
hierarchy problem.

Many models have been proposed, which reduce to the Standard Model in certain limits,
that address some or all of these concerns. Unfortunately, experimental agreement with the
SM severely restricts such models.

1.3.1 Supersymmetry

The model of physics beyond the Standard Model which is considered in this thesis is the
Minimal Supersymmetric Standard Model (MSSM) without R-parity. This model does not
directly address any of the issues outlined above. There are, however, indirect motivations.
First of all, supersymmetry (SUSY) must be described.

Supersymmetry is an extension of the normal space—time symmetries (rotations, translations
and boosts) by a fermionic generator and its conjugate (or several of these) which pairs every
fermion with a bosonic partner and every boson with a fermionic partner. No SM boson can
be paired with any SM fermion without violating gauge symmetries (except perhaps pairing
the Higgs boson with a neutrino, but this leads to other problems: most obviously the chiral
anomaly), so introducing supersymmetry necessitates the introduction of at least one new
particle for every known SM particle, to create the Minimal Supersymmetric Standard Model.

4
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Figure 1.1: The running of the gauge couplings in the Standard Model (left) and Minimal
Supersymmetric Standard Model (right) [17].

Many physicists [12, 13] have noted that the scale-dependence of the gauge couplings
(induced by loop—corrections to gauge boson propagators) leads to an apparent meeting of the
values at about 10'6 GeV, the GUT scale (after Grand Unification Theory), at which energy
the gauge couplings associated with U(1)y, SU(2)r and SU(3)¢c become equal. (Actually the
U(1)y coupling at the GUT scale is not equal to the other two: there is a group factor of
\/% . However, the strength of all three gauge couplings is directly dependent on only one free
parameter, the GUT coupling.) This unification is not exact: the energy at which U(1)y and
SU(2)r, unify is about two orders of magnitude below that at which SU(2), and SU(3)¢ unify.
However, with the extra particle content of the MSSM [14, 15] creates kinks in the runnings in
just the right way (if the extra particles have masses of about 1 TeV) that they all unify at the
same energy, within errors [14, 15, 16], as can be seen in figure 1.1.

Another motivation is that the MSSM reduces the hierarchy problem. If the SM is regarded
as an effective theory which is valid up to some energy scale, in the sense that only processes
that happen at a lower energy should be described well and that the integrals in loops should
be evaluated only up to this scale, as above this scale new physics starts to play a significant
part, then one finds that the gauge couplings, vector boson masses and fermion masses are all
dependent on the logarithm of this scale. The Higgs boson mass—squared depends quadratically.
Unfortunately the only natural energy scale without introducing new physics is the scale of
gravity, the Planck mass, of the order of 10'® GeV. This would destroy the predictions of the
current model of electroweak symmetry breaking. In the MSSM though, the extra fermionic
Higgs loop reduces the divergence to logarithmic.

Another motivation is that superstring theory [18], the only known candidate for a Theory
of Everything (ToE), a theory which combines quantum mechanics with gravity, requires some
form of supersymmetry in its ten—dimensional form, which, in most models, persists as the
MSSM once compactification has reduced the theory to a four-dimensional form.






Chapter 2

The R—Parity Violating Minimal
Supersymmetric Standard Model

This thesis is concerned with the R—Parity Violating Minimal Supersymmetric Standard Model
(the RPVMSSM) with baryon—number conservation. This model is most easily described by
first describing the R-parity conserving Minimal Supersymmetric Standard Model (which is
referred to as just the MSSM), before describing R—parity and R—parity violation. The baryon—
number conservation aspect is described in section 3.1. Some details on supersymmetry can
be found in appendices A and D, but for a detailed introduction to supersymmetry and the
MSSM, see for example reference [19)].

2.1 The Minimal Supersymmetric Standard Model

The Coleman-Mandula theorem [20] restricts the possible symmetries of the S—matrix (which
is the limit of asymptotically free states in the far distant past and future of the evolution
operator in the interaction representation [21], essentially the scattering amplitude for a
quantum process), to the direct product of the Poincaré group with internal symmetries.
If the assumptions of this theorem are relaxed to allow for graded Lie algebrae (where the
generators obey anti-commutation relations as well as commutation relations), then one finds
that instead of fermionic and bosonic fields being separate entities, there is a transformation
which takes a fermionic field to a bosonic field, and vice versa. Hence fermions and bosons
become components of superfields, which are invariant under supersymmetry. The Minimal
Supersymmetric Standard Model is obtained by replacing all fields of the Standard Model,
fermionic and bosonic, with the appropriate superfield.

The notation used in the literature to denote superfields and their components is not entirely
consistent. Hence, for reasons outlined in appendix A, in this thesis an accent is used to denote
the superfields, e.g. U. denotes the superfield containing the electron—neutrino fermion while v,
is reserved exclusively to represent the electron—neutrino fermion.

The Lagrangian density is extended to be a function of the anticommuting coordinates
associated with the fermionic generators. The kinetic part of the SM Lagrangian density is
contained within the D-term part of the MSSM Lagrangian density, while the remainder is
contained within the superpotential (these terms are explained in appendix D).

No SM boson can be identified with a SM fermion, so the MSSM doubles the particle
content of the SM: for every quark, there is a scalar quark, or squark, which has the same
gauge transformations as a quark, but is a boson; for every lepton, there is a slepton; there are
fermionic partners of the vector bosons, the winos, zinos, photinos and gluinos, and fermionic
partners of the Higgs bosons, Higgsinos. Collectively these extra particles are known as
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superpartners or sparticles. The winos, zinos, photinos and gluinos are sometimes known as
gauginos. The quarks and the leptons are the only fermions in the SM, hence the term sfermions
refers to squarks and sleptons. In addition, there are actually two sfermions for every SM
fermion, since the left— and right-handed chiralities in the SM are different fields transforming
differently under SU(2)y, hence there is a sfermion associated with the left—-handed SM fermion
and a sfermion associated with the right-handed SM fermion. The MSSM actually has more
than double the fields of the SM — only one Higgs doublet is required in the SM to give masses
to all the massive SM particles, through a Yukawa term involving the complex conjugate of
the doublet, but the MSSM requires two as the superpotential must be an analytic function of
the superfields. This can be seen by considering the third term in equation (1.3), or rather its
Hermitian conjugate: the antisymmetric tensor allows two 2s of SU(2) to combine in an SU(2)-
invariant way. Hence the ¢® can be replaced by (H,)4, the electrically neutral component of
which may acquire a vacuum expectation value without breaking U(1)y. The problem in the
MSSM is actually dealing with the other two terms, where ¢, must be replaced by eq,(Hqg)j -
This other Higgs doublet must have opposite hypercharge to the H, to preserve invariance
of these terms under U(1)y, which also allows a vacuum expectation value for its electrically
neutral component to generate a mass term for the down—type quarks and charged leptons.
The presence of a second Higgs superfield with opposite U(1)y hypercharge is also required
so that the pair of oppositely—charged Higgsinos cancel out their contributions to the chiral
anomaly [22, 23]. Having two Higgs doublets leads to the MSSM having five Higgs bosons after
electroweak symmetry—breaking: one with the same electric charge as the electron, denoted by
H~, one with the opposite charge, denoted by H™, and three neutral ones, of which two are
C P—even, the heavier denoted by H and the lighter by h, and the other is C'P—odd, denoted by
A. The other three degrees of freedom are “eaten” by the SU(2);, gauge bosons to allow them
to have the correct number of degrees of freedom for massive vector bosons. The sparticles
are identified by the same notation as the SM particles, but with a tilde over the letters. For
instance, the scalar superpartner associated with the left-handed electron field denoted ey, is
denoted by ér. Being a scalar boson, é; does not have a chirality. However, as there is a
separate scalar boson associated with each chirality of electron, they are usually labelled with
the chiral subscripts to indicate with which fermion they are grouped with in their superfield,
which also identifies whether the selectron is an SU(2), singlet or part of a doublet, which fixes
its coupling to the Z boson, for example.

The MSSM contains all the particles of the SM, with the same interactions, as well as the
superpartners and interactions between the SM particles and the superpartners and between
the superpartners themselves. With exact supersymmetry, the MSSM introduces no new
parameters beyond the mass and couplings of the extra Higgs doublet. The interactions
of the superpartners are fixed by the interactions of the SM particles: the superpartners
couple to the gauge fields with the same couplings as their partnered SM particles, though
the vertices have a different Lorentz structure. The masses of the superpartners are identical
to those of their partnered SM particles. However, this is at odds with experimental evidence;
scalar electrons with the same mass as the electron have not been observed, for example.
Therefore supersymmetry cannot be an exact symmetry of Nature. If it is assumed that
supersymmetry is broken at some energy scale, and ignorance of the workings of this breaking
can be parametrized by adding terms to the Lagrangian density that break supersymmetry
softly. A soft supersymmetry—breaking term is one which becomes irrelevant at high energy
scales. The scale of the soft supersymmetry-breaking terms is often referred to as the SUSY
scale. Typically the supersymmetry—breaking terms are chosen to be masses for the sfermions,
the gauginos and the Higgsinos, along with trilinear terms coupling three bosonic fields in all
combinations that respect gauge symmetries. This leads to mixing between the charged winos
and charged Higgsinos, collectively charginos, and between the zinos, photinos and neutral
Higgsinos, collectively neutralinos. The neutralinos and charginos are often denoted by x° and

X+ respectively.



The SUSY scale is currently expected to be of the order of 1 TeV — much greater than this,
and the corrections to the Higgs boson mass are deemed to require too much fine-tuning and
the unification of the gauge couplings ceases to be at one point within errors [24, 25].

2.2 R-—Parity

If, instead of starting with the SM Lagrangian density and then promoting all fields to
superfields in the appropriate manner, one starts with superfields for all the SM particles and
then attempts to write down the most general renormalizable Lagrangian density with these
superfields that respects the SM gauge symmetries, then one obtains all the terms that one
would in the first scenario, but one also obtains an additional set of terms. These terms violate
either lepton—number conservation or baryon—number conservation. Both lepton and baryon—
number conservations appear in the SM as accidental symmetries: it is not possible to write
down renormalizable terms using the SM fields that violate these symmetries without violating
gauge symmetries. The existence of these terms is problematic: if they were all of the order of
1 and if the sfermion masses were about 1 TeV, then protons would decay with a lifetime of
under a picosecond [26].

To forbid these unwanted terms, the MSSM introduces a new symmetry, R-parity (Rp).
This could be the discrete remnant of a continuous (global) U (1) R-symmetry, which is carried
by the supersymmetry generators as well as the superfields.

2.2.1 R-—symmetry

The transformations of superfields under this U(1) R-symmetry are defined as follows:

V(z",0,0) — V(x", fexp(—ia),fexp (ia))
C(z",0) — exp(igra)C(z",fexp(—ia)) (2.1)

where V is a vector superfield and C' is a chiral superfield, and gr is defined as 0 for the
Higgs superfields and +1 for the left—-handed quark and lepton superfields and the left-handed
superfields for the charge conjugates of the right-handed quarks and leptons. This then leads to
the “F—term” of the trilinear Yukawa terms of the MSSM superpotential (see equation (D.20))
being invariant under R—symmetry, while all the terms in equation (2.4) in the next section are
forbidden. However, the required H, coupling to the H; in the MSSM is also forbidden under
this symmetry, and this symmetry must also be broken to allow gauginos and gravitinos (the
fermionic partners of gravitons, the conjectured carriers of gravity) to have mass terms [27].

2.2.2 Discrete R—Parity
Regardless of its origin, IR, is defined by

Rp _ (_1)(3B+L+2S) (22)

where B is baryon—number, L is lepton—number and s is spin. Since lepton—number seems only
to be integer—valued, R, can be equivalently defined by

Rp — (_1)(3(B—L)+2S) (23)

This latter definition, equation (2.3), is favored by those who advocate models where (B — L) is
the charge of a particle under a U(1) gauge symmetry, such as left-right—symmetric models [28].
R, is a multiplicatively conserved quantum number, and only terms which have an overall
positive R, are permitted in the MSSM superpotential. The forbidden terms are known as
R-parity violating terms.



R, is of paramount importance when considering experimental signatures of the super-
partners. Not only does it forbid terms which could lead to proton decay, it also forbids the
creation and annihilation of single sparticles. Sparticles must be produced and annihilated in
pairs. Consequently, any sparticle decay must have an odd number of sparticles in the final
state, as well as any number of SM particles. Hence, the lightest supersymmetric particle, the
LSP, is stable, and thus provides a candidate particle for Dark Matter [29]. From cosmological
considerations [30], the LSP should be electrically neutral. The lack of superheavy stable
hadrons implies that the LSP is a color singlet [31]. The most popular candidates for the
LSP are the lightest neutralino and the lightest sneutrino. The relative mixture of photino,
zino and Higgsino of which the lightest neutralino consists, or the relative mixture of left—
and right-handed-associated electron—, muon— and 7—sneutrino of which the lightest sneutrino
consists depend on the specific model of SUSY breaking considered. Both candidates provide
the experimental signature of a large amount of missing energy, taken away as the LSP escapes
the detector, since it only interacts through the weak force.

2.3 R-Parity Violation

The unwanted terms that R, forbids follow from the observation that without R,, the Higgs
doublet with the vacuum expectation value which generates mass for the down-type quarks
(denoted I;Td) has the same quantum numbers as the lepton doublets, hence replacing this
Higgs doublet with each of the three lepton doublets does not break any symmetries. One can
also write down a trilinear quark term which also preserves supersymmetry and the SM gauge
symmetries, since now there is a color—carrying scalar in the model.

The R-parity—violating (RPV) terms in the superpotential are (using the same conventions
as reference [26])

Wﬁp = /L/i(iiL)aeaﬁ(gu)ﬁ
1 2 2 vc 2 S jc
+3Aigk(Lir)a€ap(Lin)seir + Nijk (Lir)acas(Qir ) (dir)"
1 v Je Je \T
+§)\Nijk6pqr(UiR)p(de)q( WR) (2.4)

where i, j and k are flavor indices, a and 3 are SU(2), indices and p, ¢ and r are SU(3)¢ indices.
The superscript ¢ denotes charge conjugation, and this notation is explained in section A.3.2.
The final term in equation (2.4) is SU(3)c—invariant because of the antisymmetric tensor,
analogously to how the other terms are SU(2)p—invariant because of their antisymmetric
tensors. The indices have been explicitly shown in this expression to show how the terms
are invariant under the gauge groups. For the rest of this thesis, SU(3)¢ indices are suppressed
unless explicitly stated — it is implicit that every color—carrying field which does not have its

color index shown represents three copies, one for each color. Lip = (;i) is the left—-handed
lepton SU(2)r, doublet of flavor i, éf is the left-handed charged anti-lepton SU(2), singlet
of flavor k, Q;p = (Zi) is the left-handed quark SU(2);, doublet of flavor j, d¢y is the
left-handed down-type anti-quark SU(2);, singlet of flavor j, u$, is the left-handed up-type
anti-quark SU(2); singlet doublet of flavor i and H, = (HH%) is the Higgs doublet which

gives mass to the up-type quarks. The subscript R here denotes that the charge conjugate
of the superfield contains the right-handed SM fermion, e.g. (¢55)" is a right-handed chiral
superfield which has the right-handed electron SU(2), singlet as its fermionic component. The
first term in equation (2.4) is analogous to the MSSM Higgs mixing term p(Hg)a€as(H,)s. The
second two terms in equation (2.4) are analogous to the lepton— and down—-type quark—mass
generating terms, and both violate lepton number. The third term in equation (2.4) has no
MSSM-analogous term, and violates baryon number.
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The factor of !/5 before the A term is conventional: one sees that Aijk = —Ajir by relabelling
a to b and vice-versa in the first term of equation (2.4), hence the extra factor of 1/ sets the
coupling of the 7;€,.€5 5 term to be Ajji rather than 2. Likewise N'ijk is antisymmetric in
j and k, hence its factor of /.

For example, consider the second term with ¢ = 1, j = 2 and k& = 3, plus its Hermitian
conjugate. Then the Lagrangian density obtained from these terms once the fermionic
coordinates have been integrated over is given by two parts (restoring SU(3)¢ indices, labelled

p and q):
a Yukawa part:
LG = Nioa(=Per(0R)P(s1)” — (31)P(bR) ver — (b3)PvlL(sp)?

e (b%)P ()P + (¢0)P (b%)Per + (b%)Pek (cr)P) + Hermitian conjugate
= —N123(Zer(D)PPL(5)” + (51)P (b)F Prve — i(b%) v %y Pr(s)?
—é1(b)PPL(c)? — (1)P(b)P Pre + i(b%)PeT~°42 P (¢)P) + Hermitian conjugate

(2.5)
and a four—scalar potential part:
Log = —Naasl (72, (357 — .(E)P) (Per, (BL)P — Er(Er)P) [A]
+((52)P (b7 )P (5L)(bR)?) (B]
+ (2, (05 )P e (b%)P) [C]
+((ep)P (b7 )P (er)?(bg)?) (D]
+(ez(05)Per(b)?)] [E]
(2.6)

Here b is the bottom quark field, s the strange quark field and v, the electron—neutrino field.
The terms in equation (2.6) denoted by [A] are from the F-term for b%, [B] from the F-term
for Uer,, [C] from that for $r,, [D] from that for &, and [E] from that for ¢p.

Note that the terms in equation (2.6) are not independently allowable as soft SUSY-breaking
terms, as in general soft SUSY-breaking terms must have couplings with dimensions of at least
one power of mass.

The Feynman rules resulting from equation (2.5) are shown in figure 2.1 and those from
equation (2.6) are shown in figure 2.2.

In this example one can see a particular aspect of supersymmetry that distinguishes it from
merely the addition of extra bosonic and fermionic fields: a single term in the superpotential
fixes the couplings for all the interactions derived from it. All the Yukawa terms from the
superpotential term have the same coupling, and the four—scalar terms have this coupling
squared as their coefficients (along with factors associated with the three SU(3)¢ colors of
squark).

In the Yukawa part, the first term on the right—hand side allows an electron—sneutrino to
decay to a strange anti—-quark and a bottom quark, and in combination with the unconjugated
term allows bottom quarks to scatter off strange anti—quarks by the exchange of an electron
sneutrino, and since the sneutrino is a zero—spin particle, this would have a different angular
dependence than the same scattering by the exchange of a vector boson, such as a gluon. The
Yukawa part also allows strange squarks to decay to electron—neutrinos and bottom quarks,
and bottom squarks to decay to electron anti-neutrinos and strange quarks. The Feynman
diagram corresponding to this last process (which corresponds to the Hermitian conjugate of
the rightmost Feynman diagram in the top line of diagrams in figure 2.1, remembering that I;j%;z‘
is usually called a squark rather than an anti—squark since it is the scalar partner of a right—
handed quark) has the arrows on both fermion lines pointing away from the vertex, which is
impossible in the SM, but not forbidden because of any fundamental theoretical reason. Care
must be taken with momentum flows in this case.
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Figure 2.1: Yukawa vertex rules from non—zero \'123.

The four—scalar potential part allows the appropriate scalar bosons to scatter, or to
annihilate and pair—produce, and so on.

The presence of the bilinear term p'; (f)l L)aeab(ﬁ «)b as well would generate additional three—
scalar vertices, proportional to u';.

2.3.1 Spontaneously Broken R—Parity

Even if one believes that the Lagrangian density must be R,—conserving, there are ways in
which R, may be broken spontaneously. The sneutrino fields may acquire vacuum expectation
values through soft SUSY-breaking terms in the same way that the Higgs fields do [32], though
this is very constrained by experiment [33]. If one adds a right-handed SU(2), singlet neutrino
to the MSSM in a way that gives the left-handed neutrinos small masses through the see—saw
mechanism [34, 35] (as described in section 2.4.4, though of course the right—handed neutrino
replaces the Higgsino), the right-handed sneutrino could acquire a vacuum expectation value
and this is not particularly constrained [36].

If a left—-handed sneutrino gains a vacuum expectation value, then the charged leptons
mix with the charged Higgsinos in the same way that the Higgs boson vacuum expectation
value leads to mixing between the left— and right-handed chiralities of the charged leptons.
The charged lepton mass—generating term in the superpotential is shown in equation (2.7).
The Yukawa terms that result from integrating over the fermionic coordinates are shown in
equations (2.8) and (2.9). A vacuum expectation value for H? results in the first term on the
right hand side of equation (2.8) (along with its Hermitian conjugate) generating a mass term
for the charged leptons, once the coupling matrix Yzlk is diagonalized. Likewise, if #;;, were
to have a vacuum expectation value, the second term on the right hand side of equation (2.9)
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Figure 2.2: Four—scalar vertex rules from non-zero \'123.

would generate a term that would mix the charged leptons and the charged Higgsinos. This
mixing explicitly breaks R,,.

Yii(Li)acas(Halotin = Yip(illy &p — i Hiekp) (2.7)
YherHYes| = YhHIEPrei+ YicunecPLH + Vi n HY Pre;
+ (purely bosonic terms) (2.8)
{Yilkbiﬁ;ég,%} o = Vi Hy enPrv; + Y e PLHy + Y4 es nH T Pry,
+(purely bosonic terms) (2.9)

When adding right-handed neutrinos N to the MSSM, one usually adds the analogue of
the up-type quark-Higgs coupling, replacing Q;r, with L;z, and uf with N, and an independent
matrix of Yukawa couplings, to obtain Y%, (Li)a€ab(Hu)p7i g If a right-handed sneutrino gains
a vacuum expectation value, then this would lead to both neutral Higgsinos mixing with left—
handed neutrinos and charged leptons mixing with charged Higgsinos, in this very same way.
It leads to a term of the form of the bilinear term u’i(ii)aeab(ﬁu)b, the first term on the
right-hand side of equation (2.4), though in this case y’; is the vacuum expectation value of
the sneutrino multiplied by the coupling to the Higgs doublet with the lepton doublet.

In both these cases, the mixing has a see-saw-mechanism—type suppression of the mixing
parameter squared divided by the Higgsino mass squared, and this is where one can constrain
the vacuum expectation values.

The superpotential described above is very general. In the scenarios of R,-breaking just
described there are relationships between the couplings i/, A and A\’ and the Yukawa couplings
of the Hy Higgs field to the lepton and quark fields, and the only new variable added is the
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Figure 2.3: The Feynman diagram for a proton decaying into a positron plus a neutral pion
through non-zero A”114 and X114.

vacuum expectation value of the sneutrino. However, in this thesis no assumptions as to how
the RPV couplings could arise are made and the most general form of the RPV part of the
superpotential is used.

2.4 The Consequences Of R—Parity Violation

There are two immediate consequences of the RPV interactions: lepton and baryon number
violation, and flavor violation in both the quark and lepton sectors.

2.4.1 Lepton Number Violation

Both the A and ) terms give rise to vertices that violate lepton number by one unit. As a
consequence of this, single sneutrinos or charged sleptons could be produced through a non-zero
A or \. For instance, a non—zero Ay1; would allow electron—positron annihilation into a muon
sneutrino. Conversely, single sleptons would be allowed to decay. A non—zero Ap11; would allow
a muon sneutrino to decay into an electron—positron pair.

The )\ terms allow single slepton creation through quark fusion, and also allow squark decay
to a quark plus lepton. The second term in equation (2.1) due to N'123, for example, allows a
strange squark to decay to a bottom quark plus an electron anti-—neutrino. Note, though, that
both A and )\ terms conserve baryon number.

2.4.2 Baryon Number Violation

Analogously the )\’ terms give rise to vertices that violate baryon number by one unit.
Consequently, single squarks could decay through a non-zero \”, though in this case it would
be to a pair of anti-quarks.

Proton Decay

If only one of either lepton number or baryon number were violated, then protons would be (at
least perturbatively) stable. However, should both be violated, then protons could decay. An
example Feynman diagram is shown in figure 2.3, where a pair of valence quarks from the proton
annihilate to form an anti-squark, which then decays into an anti—electron and an anti—quark,
which goes on to bind with the remaining valence quark from the proton to form a meson.
There are very stringent constraints on proton decay. The current lower bound on the
nucleon mean lifetime is 2.1x10%% years from neutron disappearance searches [37]; the bound
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Figure 2.4: Example lepton flavor violation through ee annihilating via a sneutrino to become
a T pair.

extends to 1.6x10%® years for proton decay into a positron plus pion [38]. This leads to a
bound on the combination of the couplings involved of the order of 10727, for sfermion masses
of 100 GeV [26].

2.4.3 Flavor Violation

As mentioned in section 1.2, the perturbative approach views the solutions of the part of
the Hamiltonian which is quadratic in the fields as the basic eigenstates. At the level of the
Lagrangian density, the only quadratic terms for fermions in the SM Hamiltonian are the
kinetic parts, without the gauge—coupled interactions. At this point one is free to choose
a basis which consists of independent flavors of fermions, with appropriate gauge—covariant
derivatives. However, the couplings to the Higgs fields are not diagonal in this basis. Hence
once the Higgs field acquires a vacuum expectation value, the mass terms generated are not
diagonal. Diagonalizing the mass matrix mixes the flavors through the SU(2),, gauge couplings
— it is impossible to simultaneously diagonalize the isospin +1 and —1 components of the
doublets with their singlet partners in both the SU(2), flavor basis and the mass eigenstate
basis. In the same way that the Higgs couplings to the leptons and quarks are not diagonal in
the SU(2), flavor basis, the RPV couplings are not obliged to be diagonal in this basis either.
This could lead to enhanced rates of flavor violation both for leptons and for quarks.

Lepton Flavor Violation

Before the discovery of neutrino flavor oscillations, there was no evidence that neutrinos were
not massless, and the SM was constructed with only the left—handed chirality. In this case, it is
possible to simultaneously diagonalize the charged lepton states in both the SU(2),, flavor basis
and the mass eigenstate basis along with the neutrino flavors. However, experiments [39, 40, 41]
have measured a reduction in the flux of neutrinos from sources that is dependent on the distance
between the source and the detector, and this can be explained by postulating that neutrinos
have mass and that the mass eigenstates are not aligned with the SU(2), flavor eigenstates [42].
This gives rise to lepton flavor violation in the SM.

Unfortunately even the detection of neutrinos is extremely hard, and outside of specialized
neutrino oscillation experiments it is practically impossible to detect flavor violation in the
neutrino sector, so there is no opportunity to look for R,—violation.

However, the mixing of the charged lepton states occurs in the SM at the one-loop level,
and is proportional to adm?2/m3,, which is roughly 1072 (6m? is the difference of the square
of the masses of the neutrinos and is of the order of 1 eV?). This is small enough to be entirely
discounted as a source of any observed flavor violation in the charged lepton sector, hence
lepton flavor violation is generally considered to be a clean signal of new physics beyond the
SM. In the case of the RPVMSSM, such lepton flavor violation can occur at tree-level, through
interactions mediated by squarks or sneutrinos. An example of this is shown in figure 2.4.
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Figure 2.5: Example quark flavor violation through ee exchanging an up-type squark to become
a bd pair.

The RPVMSSM is not the only model with lepton flavor violation: for example, MSSM
models with soft SUSY-breaking terms that mix sneutrinos and sleptons (e.g. through
renormalization effects from the right—-handed neutrino sector [43] or from Grand Unification
concerns [44]), Little Higgs models with T—parity [45], general two—Higgs—doublet models [46],
Left-Right Symmetric models [47] and topcolor models [48] all have the potential for detectable
lepton flavor violation. Distinguishing these models would be very important should lepton
flavor violation be experimentally measured.

Quark Flavor Violation

The quark flavor violation inherent in the SM manifests in the CKM matrix, which relates the
quark SU(2)r, flavor eigenstates to the quark mass eigenstates. While the quarks do not escape
detectors like neutrinos do (and therefore do not evade identification), searching for R,~violation
through quark flavor violation is complicated by the fact that flavor violation in the SM is not
negligible as it is in the charged lepton sector. The suppression on lepton—flavor—violating loops
due to the smallness of the neutrino masses is not present for quarks (m; =~ 2my ), however
there is a suppression due to the smallness of the off-diagonal CKM matrix elements. Still, this
is not a particularly strong suppression, and even the rate of the doubly—Cabibbo—-suppressed
quark—flavor—violating decay b— sy within the SM is large enough to be measured, and indeed
has been measured, in agreement with the SM prediction [49].

Fortunately, the rate of flavor violation is small enough that the enhancements through
R,—violation could be significant, and therefore measurable. Again, in the RPVMSSM, quark
flavor violation can occur at tree—level through interactions mediated by squarks or sneutrinos,
with an example shown in figure 2.5.

2.4.4 Neutrino Mass

R,—violation leads to two mechanisms for neutrino mass [50]. One is a see-saw effect from the
neutrino—Higgsino mixing bilinear term with the soft SUSY-breaking Higgsino mass, and the
other is through quantum loop effects from the trilinear terms with heavy sfermions in the loop.

Bilinear See—Saw Mechanism

The bilinear p1/;(L;)a€as(Hy)p in the first line of equation (2.4) leads to mixing between the
neutrinos and the up—mass—generating Higgsinos. This then leads to a see—saw mechanism
where the neutrinos gain mass proportional to p’ 12 /mjo. This can be seen by considering the
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Figure 2.6: The Feynman diagrams for the loop contributions to the neutrino (Majorana) mass
term.

(Majorana) mass matrix for these particles with the vector (ve, v, vy, h9)7:
o 0 0 pyy
0 0 0 py
M= 0 0o o0 u, (2.10)

~
~
~

By Mo M3 My

This matrix has two zero eigenvalues, one eigenvalue of —) . u/ 2/ mjo + O (u’ 2/ m%o) and one

eigenvalue of mj, + Ziu’?/mﬁo +0 (u’?/m%o). So this leads to one massive neutrino and

two massless neutrinos. However, the bilinear also mixes the charged leptons with the charged
Higgsinos, and in general the mass eigenstates after this mixing are not the SU(2), eigenstates,
and this leads to further corrections which lift the degeneracy of the masses for the remaining
neutrinos.

Trilinear Loop Effects

The trilinear terms A;jk (ii)aeab(lv)j)béiR and Xijk(ii)aeab(éj)bﬁg of the second line of
equation (2.4) allow neutrinos to gain quantum corrections to their masses through self-energy
diagrams. The mass terms generated are Majorana; the diagrams that would give Dirac masses
actually give corrections to the kinetic term and can be absorbed into the normalization of the
kinetic term. To see this, consider the contribution from the X125 term in equation (2.5), along
with the contribution of X132 (which is the same as that of X125 with the b and s swapped) as
the A'123 term alone cannot generate a neutrino mass term. The relevant Feynman diagrams
are shown in figure 2.6.

To first order in each of \'123 and X 132 the two—point function corresponding to a Majorana
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neutrino mass term due to the example trilinear terms is given by

> d*k R -
(Dep|my, |ver) = / W((HT (()\Ilggbf%l/gl’yo"yQPLS)(—)\IlggbLSPLI/e)
+ ()\1132§%Vgi’}/0’72PLb)(—)\I123§LEPLI/€)) |0>
< 44k Ny . = 7 \x. T, 0.2
_ / s O (X raa(sin8)br — con (B)2)* v 41 Pus)
X (—\'132(cos (91,)51 + sin (Gb)l;g)EPLVe)
+i(N132(sin (05)31 — cos (05)32)* T 7°~42 PLb)
X (—A'123(cos (05)51 + sin (6,)32)bPrve)) [0)
>~ Ak _ sin (20 Sy ey
= / W((HT <—u327072PL)\'123/\/132 [( (2 b)) (b7b1 — b3ba)ss

) (5161 — 5352)171_)] Prv. + non-contractible terms> |0)
(2.11)

where IS% and by, have been written out as orthogonal combinations of the two mass eigenstates
b1 and by with mixing angle 6, and likewise for the strange squarks. Also, equation (A.40) was
used to rewrite the Yukawa terms with Dirac spinors rather than Weyl spinors.

Performing the contractions on the quarks and squarks and integrating over all possible loop
momenta leads to

my vg (i)"Y Prve = 3/

— 00

[(Sm(zm)) <<k2 = w2y (2 —ima)) ((ffﬂ;)
)

+ (Sm(;es ) ((kQ—i mZ) (&2 —imﬁz)) ng%ﬂ Fuve
(2.12)

which leads to
m = [P (2 (- (5 v ()
Ve D) s
(4m) 2 ™, mi, )\,
Sin (295) m%z m% m%
_— -1- 2 )1 2 2.13
+ 9 mp (m§1 m§1 n mgl ( )
where the factor of 3 comes from the three copies of the color—carrying fields.

Assuming a common mass of m for l;f%, b, 5% and 51, maximal mixing (4.e. that both 6

and 0 are 7/4), and setting trilinear soft SUSY-breaking terms coupling b, § and Hy to zero,
this becomes

. —3\ 123\ 132 MMy .
v (=i)y'y*m,, v. = [Wutan(ﬁ) 7%2 vI (=) Pru. (2.14)
where p is the H,—H, coupling and tan( is the ratio of the two Higgs vacuum expectation
values.
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Chapter 3

Bounds On R—Parity Violating
Terms From Particle Decays

The non-observation of certain flavor—violating decays of 7 leptons, muons and mesons
constrains many combinations of RPV couplings with sfermion masses more tightly than other
means.

The results presented in this chapter have been published in reference [1]. This chapter is
a comprehensive review of the tree-level bounds on trilinear baryon—number—conserving RPV
couplings (in combination with sfermion masses) from the bounds on the purely leptonic decays
of muons, 7 leptons and neutral mesons, and the decays of a 7 lepton into a neutral meson plus
either a muon or an electron, using all the available published data available from the Particle
Data Group (P.D.G.) [51] in December 2006.

The chapter is organized as follows: first the assumptions used in the calculations are
presented; then the Feynman diagrams, matrix elements and decay widths are presented for
each class of decay; then the numerical results from comparison with experimental data are
tabulated.

3.1 Assumptions

Extracting bounds on the trilinear RPV couplings is not straightforward. There are so many
unknowns associated with each process that no meaningful bounds can be set without making
sweeping assumptions. Initially general formulae will be presented, but expressions will be
simplified and numerical results will be based on the following assumptions:

No Baryon Number Violation The main incentive to applying R, to the MSSM is the
prevention of proton decay. No serious model can allow simultaneous lepton and baryon number
violation without extremely strong suppression mechanisms. In this thesis baryon number
conservation is assumed, hence X’;;i is set to be 0 for all ¢, j and k. No further assumptions
about the nature of the conservation are made. This assumption is, admittedly, as ad hoc
as R, itself, but allowing the other RPV terms does provide neutrino mass mechanisms, as
mentioned in section 2.4.4. A further point is that R, does not forbid proton decay through
(non—renormalizable) dimension—5 terms and must be strengthened to a discrete Zg symmetry,
baryon hexagonality [52], when considering the MSSM as an effective theory; imposing baryon
triality [53, 54] forbids proton decay while still allowing the A;j; and N;jx terms.

Heavy Mediating Sfermions The sfermion masses are assumed to be so heavy that their

propagators i/ (p?~ - m?;) can be approximated as —i/ m?. This assumption is very reasonable,
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since experimental constraints on sparticle masses put them 2100 GeV [55], though such bounds
on sfermion masses are quite model-dependent, while the momentum-squared carried by the
sfermion is at most equal to the mass—squared of the decaying particle (the heaviest particle
considered is the By meson, of mass 5.37 GeV < m).

Double Coupling Dominance The main assumption made is that one sfermion dominates
the signal process, either because it is much lighter than the others or because it has a much
larger coupling product. This is called the quadratic coupling dominance convention in the
literature, as in reference [26], presumably because the matrix element is dependent on the
product of two couplings. This assumption has little justification, other than it allows bounds
to be extracted at all, and the precedent that, in the SM, the Higgs Yukawa couplings to
fermions other than the top quark are all smaller by orders of magnitude than the top—Higgs
coupling. Therefore there is no sum over g, the index used to denote the flavor of the mediating

sfermion. Subsequent expressions with an index g are implicitly for only one value of g,
2

though one may always reverse the process and replace expressions like |N gk gim /m%gL

2
with > g)\/gjk/\/ gim/ m%gL and so on. The Einstein summation convention is held to unless

otherwise stated, and in particular is not held for the cases where there are three of the same
index, as happens when there is two index-dependent couplings combined with an index—
dependent propagator. In this thesis, this only occurs in the case of two RPV couplings
combined with the sfermion mass—squared, and will always be labelled with the index g.

Negligible Sfermion Mixing The final assumption is that the sneutrinos of each flavor and
the H; Higgs boson mix negligibly with each other, i.e. setting p’; to 0 for all 7 along with the
relevant soft SUSY—breaking terms, and also the mixing of the squarks is ignored. Such mixings
just add to the notational burden. If one insists on accounting for mixing, one can make the

2
UgL

2 2
— Zg,m,y)\’zjkngUgy/\/ylm/m?sz ‘ for squark mixing matrices

replacement |\ ik N gim /m

U, with a similar expression for mixing between the sneutrinos and Higgs bosons.

No Mass—Splitting Between CP—-Even And CP-0Odd Sneutrinos There is the
possibility of allowing soft SUSY—breaking terms that assign differing masses to the real (CP-
even) and imaginary (CP-odd) parts of the sneutrino field [56]. Accounting for this in the
processes considered can be done in the same way as accounting for sneutrino-Higgs mixing,
i.e. reading the couplings to include mixing matrices as well, though in this case the associated
vectors have ten components: the real and imaginary parts of three flavors of sneutrino plus
four neutral Higgs boson components. This is not the same as CP—violation, which is when
a process is not the same under the simultaneous charge conjugation of all particles (C, for
charge) and spatial inversion of all vectors (P, for parity). CP-violation enters the SM through
a single phase of the CKM matrix. CP—violation leads to interesting other effects, but those
are beyond the scope of this thesis (for an examination of the general CP—violating phases that
can appear in the MSSM, see reference [57]).

3.2 Analytic Expressions

The bounds are calculated by comparing the decay widths in terms of the unknowns (the
RPV couplings and the sfermion masses) to the measured upper bounds on the decay
widths. The matrix elements for the cross—sections are calculated using the Feynman rules
given in appendix D, combined, in the cases involving mesons, with the QCD bound state
approximations in appendix F.
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€p €p

€4d €d

Figure 3.1: The Feynman diagrams for a heavy charged lepton of flavor a decaying to charged
leptons of flavors b and ¢ and a charged anti-lepton of flavor d.

3.2.1 Effective Lagrangian Density

The replacement of the full sfermion propagator with —i/ m?; is equivalent to integrating out

the sfermionic degrees of freedom to obtain an effective interaction Lagrangian density!, and
taking only the leading term in an expansion in inverse sfermion mass, given by

Lo = E%l_)‘gab)‘zcd(écPRed)(ébPLea) )
PgL -
+ {77 AgikN g (dn Prdyn ) (€5 Pre;) + Hermitian Conjugate) (B)
YgL -
- 2m£_ )\/ign /\/ng (Jn'Y#PRdm)(ék’Y#PLei) + Hermitian conjugate (C)
UgL
+ 2m£. )‘Iimg/\/an (ﬂnVMPLum)(ék’YHPLei) + Hermitian Conjugate (D)
dgr
(3.1)

where (A) and (B) come from integrating out the sneutrino fields, and (C) and (D) come
from integrating out the up-type and down-type squark fields respectively, using some Fierz
identities (see section B.5). Adherence to the Einstein summation convention on the indices a,
b, ¢ and d means that (A) already contains Hermitian—conjugate pairs.

3.2.2 Purely Leptonic Decays

Non-zero RPV couplings of the A;;,—type allow lepton-flavor-violating decays of 7 leptons and
muons through couplings to a sneutrino. The Feynman diagrams for such a process are shown
in figure 3.1.

1This effective Lagrangian density can be compared with those in references [58], [59], [60], [61] and [62],
noting that both references [58] and [62] use the convention where there is no factor of '/ before the A;j term
in the superpotential. It disagrees with the form of the effective Lagrangians in references [59] and [60], agreeing
with those in references [58], [61] and [62], though noting that through projection onto vector or pseudoscalar
quark bilinears the difference with reference [60] reduces to a simple overall sign error of the matrix element,
which is then eliminated by squaring. This has no ill effects in the quadratic coupling dominance convention.
Also, in the case of reference [59] it is merely that the wrong coupling in the second term of their equation (7)
has the “x” denoting complex conjugation.
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Matrix Element

The tree-level matrix element for this decay is given by

iMe,—epecca = (€0(Pey ) €c(pe. ), €a(pe, )| TUEx(—i) Ajir Preiv;)er(—=i) Apin Prentr, L)) €a(pe, )
(3.2)
Performing the contractions over the fields gives
iMe,—epeces = mg 3 ( [ﬁ(pec)/\gchLv(péd)][ﬂ(peb))‘;baPRu(pea)]
+(pe, ) Agab Pru(pe, )] [U(pe, ) Nyeq PrY(Pe, )]
—[t(pey ) Agan PLv(pe,)][0(pe. ) Agea PrU(De, )]
_[ﬁ(pec)/\gaCPLu(pea)][ﬂ(pEb))‘;deRv(péd )])

(3.3)

Decay Width

Squaring the matrix element, summing over final spins and averaging over initial spins, then
integrating over the phase-space of the final-state particles gives the following decay width:
5

Tewmepeca = 20— Agael’ I Agbal” + [Ageal*Agasl® + [Agas|* | Ageal” + [Agoal*[Agacl”)
€q €Ep€EcE 4 gac goa gc ga g gca g gac
bEetd 61447T3m,;gL

(3.4)

approximating the final state (anti-)leptons as massless compared to the mass of the decaying
lepton. Considering 7 lepton decay, m,/m. is roughly 0.06 and m./m, is roughly 0.0003, and
considering the decay u—eeé, m./m, is roughly 0.005.

Care must be taken for the case b = ¢, since there are now identical particles in the final
state. The matrix element remains the same (with ¢—b), but the phase space picks up a factor
of /5 to avoid overcounting final states.

5

me 2 2 2 2 2 2 2 2
Fe —epepe, = —=——(|A A a A A a A A a A A a
a—epenia 122887T3m§“(| gdb| " [Agval”™ + [Agoal“[Agab]”™ + [Agan|"[Agbal™ + [Agbal™[Agan]”)
5
Me, 2 2 2 2
= 6144m3mA (|)‘gdb| |)‘gba| +|)‘gbd| |)‘gab| )

I;gL

(3.5)

3.2.3 Decays Involving A Vector Meson

Non—zero RPV couplings of the X;;j,—type allow lepton— and quark—flavor—violating decays of 7
leptons to a muon or an electron plus a vector meson through couplings to a squark. Muons are
not heavy enough to decay into even the lightest vector mesons, the p mesons. The Feynman
diagrams for such a process are shown in figure 3.2. Through replacing some incoming particles
with outgoing anti-—particles etc., the diagrams and matrix elements for the related process,
shown in figure 3.3, of a vector meson decaying to a charged lepton and a charged anti—lepton
(of the same flavor or of different flavors) can be obtained.

Matrix Element

The tree—level matrix element for the process of a charged lepton of flavor i decaying to a
charged lepton of flavor k and a neutral vector meson V' is given by

iM@—»ekV = <€kV|T ([i)\'ijnJRneiLajL] [i/\/ZtmédemRﬂ’;ka]

+[i)\limj6iLumLCZjR] [i/\’zmanLékLJIRD |61> (36)
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Figure 3.2: The Feynman diagrams for a heavy charged lepton of flavor ¢ decaying to a charged
lepton of flavor k£ and a vector meson V.

Figure 3.3: The Feynman diagrams for a vector meson V' decaying to a charged lepton of flavor
k and a charged anti—lepton of flavor 3.
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After some use of Fierz identities (see section B.5),
. 1 £ a7
iMe,—ev = <67€V|ZT ([)‘Iijn)‘/ktmujLutLdn('VH + 7”'75)dm
~NimiX b dindigiin(y* =y YumllewPred ) le)  (37)

Contracting the charged lepton fields with the external charged lepton states and the meson
state with the quark bilinear (see appendix F),

. 1 e T —i
Mot = G| 3 Vit () = 3 i (2
d-type “gL u—type dgr
X [@(pey )V Pru(pe,)|(—i) Fymy ey (3.8)

as agrees with equation (25) in reference [61], with the introduction of the notation >, .
to mean only summing over the down-type quarks in the meson and Eu—type to mean
summing over the up-type quarks, so now the m and n in H{?™ (and, later in the equations
involving pseudoscalar mesons and sneutrinos, in x/2™ — this notation is defined in appendix F)
correspond to the flavor indices of the appropriate quarks, and both these indices are summed
over. For example, the matrix element for the decay 7—ep? is given by

—1
. _ § : / mnsk
ZMT—»epD = A 3gn 1gme <m2 )

d—type UgL

N

* —i —
Z A/3mq/\’1an§8" (m% )1 [@(pe)y" Pru(ps)](—i )Fpompoep 04
u-type dgr

—1 Z * * * CES

= ey Pupr) lmngnglngﬁ# + Nog N g HS

4 oL

+A 391A/1q3Hdb + A 392Allq1H5d* )

— (/\ 319)\ 11qHuu* + )\/31g/\ 12qHuC* ) (—i)Fp*ompoe:oM

i
m2
d

; i —— .
= 4 [u( ) PLu(pT)] lmg ()‘/391)\11gl><(ﬁ) + )\/391)\1192X0
gL
+)\/3g1)\/>{g3><0 + )‘/392)\1171 x0+.. )

(—i)F;omPO 6;0#

[ x 1 .
) (/\/319)‘111g><(ﬁ) + N 319N 12,x0+...)
d

(3.9)

For the case of a vector meson V' decaying to a charged lepton of flavor k£ and a charged anti-
lepton of flavor ¢, the matrix elements are identical through crossing symmetry up to making
the appropriate index substitutions in the couplings (i.e. swapping n and m, as the meson now
consists of quarks labelled by m and anti-quarks labelled by n).

Decay Width

Again, squaring the matrix element, summing over final spins and averaging over initial spins
leads to the following two cases for a heavy lepton of flavor ¢ decaying into a lepton of flavor &
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and a vector meson V:
up—type squark—mediated:

2

(m2, —m2)? |Fy[*(m2. +2m3,) me
Fe’ﬂe — A/i n)\/ m Hmn €4 €4 1 O k
i—erV d;ﬂ)c( g kg ) 1% 5127_‘_m%gL mzi + e,

(3.10)
as agrees with equation (31) in reference [61] and equation (11) in reference [60], or down—type
squark—mediated:

2
Fei—>ekV = Z (/\/img)\lkng)Hg/nn

u-type

(m2, —m})? |Py[*(m2, +2m?) Me,
I 1+0(—
512wm2 m3 Me,
dgr i v
(3.11)
as also agrees with equation (31) in reference [61] and equation (11) in reference [60].
For a vector meson V' decaying into a lepton of generation i and an anti—lepton of generation
k, there are again two cases:
up-type squark—mediated:

2

2 52 )2 F 22 2 4 2 v
FV—)Gkéi = Z ()\Iign)\/kgm) {}m (mV mek) | V| ( My mek) (1+0<%)>

4 3
m™m= m m
d—type 768 UgL Vv 14

or down—type squark—-mediated:

2/ 9 232 206 92 2
- Fy|?(2m2 + .
Tvepes = | D (NimgN kng) HY™ (my —me,)” [Py [ (2my +me,) (1+(9<—m1>)

u-type dgr

3.2.4 Decays Involving A Pseudoscalar Meson

Non-zero RPV couplings of the X;;5—type also allow lepton— and quark-flavor—violating decays
of 7 leptons to a muon or an electron plus a pseudoscalar meson through couplings to a squark.
Muons are not heavy enough to decay into even the lightest pseudoscalar mesons, pions, either.
The diagrams are shown in figure 3.4, along with the additional diagram that is possible if
both couplings of the X;;,— and the \;jx—type are non-zero. As before, the Feynman diagrams
(shown in figure 3.5) and the matrix elements for the related process of a pseudoscalar meson
decaying to a charged lepton and a charged anti-lepton (of the same flavor or of different flavors)
are obtained by replacing some incoming particles with outgoing anti—particles and so on.

Matrix Element

The contribution from the squark-mediated diagrams is obtained from equation (3.7) with
different out states, and is given by

G 1 o~ e 7
M mep = (e PIT (Nign XN @10 dn (7" + 77 )dm

Nimg X i (1 =72 Yl ey Prcd) o) (314)
Contracting the charged lepton fields with the external charged lepton states and the meson

25



Figure 3.4: The Feynman diagrams for a heavy charged lepton of flavor ¢ decaying to a charged
lepton of flavor k£ and a pseudoscalar meson P.
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Figure 3.5: The Feynman diagrams for a pseudoscalar meson P decaying to a charged lepton
of flavor k£ and a charged anti-lepton of flavor .

state with the quark bilinear (see appendix F),

' 7 L ” mnx —t * mn* —i
ZMZiﬂekP = Z Z A/ign)\lkgmHP ( ) _ Z )\Iimg)\lknng (m% )

m2
d-type UgL u-type

x[@(pe, ) vuPruu(pe, ) (=1) Fppp (3.15)

as agrees with equation (33) in reference [61].
The contribution from the sneutrino—mediated diagrams is given by
iM{ _ep = (exP|T ([ex(=i)(Njir Prijr + N7 Pr)ei
X [Jn(_i)(/\/tmnPLﬁtL + )‘/:nmPRﬂ:L)dm]) les)
—1 _ * _ *
= o2 Z [u(pek))‘gikPLu(pei)Xgnm - u(pek))‘gkiPRu(pEi)/\/gmn]

VgL d-type

i Hmn 2 7*
" {Pipmp] (3.16)

Hp"
as also agrees with equation (33) in reference [61], noting that the sneutrino does not couple to
up—type quarks.

For the case of a pseudoscalar meson P decaying to a charged lepton of flavor k£ and a
charged anti-lepton of flavor ¢, the matrix elements are identical through crossing symmetry

up to making the appropriate index substitutions in the couplings (i.e. swapping n and m, as
the meson now cousists of quarks labelled by m and anti-quarks labelled by n).
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Decay Width

Once more, squaring the matrix element, summing over final spins and averaging over initial
spins leads to the following three cases for a heavy lepton of flavor i decaying into a lepton of
flavor k£ and a pseudoscalar meson P:

up-type squark—mediated:

2

(m2 —m%)? |Fp|2 Me
— /. / mn [ Ther
Pemerr = | D2 NignXgm) HE" | et (1rO (3 (3.17)

d-type gL €i

as agrees with equation (34) in reference [61] and equation (11) in reference [60], down—type
squark—mediated:

2
2 _
Ceimepp = Z ()‘Iimg/\/kng)ngm (mEI mP) |FP| (1—’—0(%)) (318)

5127m* Me,
u—type dgr i

as also agrees with equation (34) in reference [61] and equation (11) in reference [60], or
sneutrino-mediated:

2
(2, e P g
Teimerr = 1287m4 m3 Z Aghi X gmn pmnr
1299 e d-type Hp
2
% Hmn* e
137 AN o e e <1 +0 <%>) (3.19)

d-type i

as also agrees with equation (34) in reference [61] and equation (11) in reference [60].

For a pseudoscalar meson P decaying into a lepton of generation ¢ and an anti-lepton of
generation k, there are again three cases:
up—type squark—mediated:

2

2 _ 22 |F 22 _
Tpepe, = | O NignN kgm)Hp™ (mp ”ffk) | P';”ek <1+0<%>> (3.20)

2567TmagL mp mp

d-type

as agrees with equation (14) in reference [60], down—type squark-mediated:

2
(=2, [Felm?, (| | o (me .
256mma m3 + mp (3. )
dyr P P

as also agrees with equation (14) in reference [60], or sneutrino-mediated:

FP—»ekéi = Z (Ximg/\/kng)ngm

u-type

(= m,

Hnm
Tpre, s, F XN gmn ———
P—egée; 647””~ | P| mp d%)c gki”™ g /1'7]}77”
2
. Hnm ..
1Y AN o <1 +0 <m >) (3.22)
d-type Hp mp

which does not agree with equation (13) in reference [60]. This is addressed in section 3.4.2.
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3.3 Numerical Results
In tables 3.1 to 3.13, [f] denotes m /100 GeV, i.e. the sfermion mass in units of 100 GeV
(following the convention in reference [26]). This also indicates the mediating sfermion for the
decay.

In the rightmost columns of tables 3.2 and 3.3, and tables 3.5 to 3.13,

e “New” indicates a result unpublished before reference [1],
e “Upd.” indicates that the bound has been updated and tightened in reference [1],

e “Agr” indicates that the bound has not changed and reference [1] agrees with the
previously published result,

e “Unimp.” indicates that reference [1]’s bound from decay data is less strong than the
previously published result, which in these cases is from a different experimental source
(e.g. the non—observation of u—e in 48Ti gives a better bound on A121\111[P21]? than
that of T0—ef),

e “Corr.” indicates disagreement with the previously published result,

— “Corr.(<)” indicating a result stronger than the incorrect previous bound

— “Corr.(>)” indicating a result less strong.

e (=) indicates that this bound comes from a decay which involves a difference of couplings
with the same mediating sfermion, so there could be a cancellation which would lead to
the double coupling dominance hypothesis giving an excessively tight bound, since the
couplings might be of the same order while there would be no suppression of one or the
other from a heavier mediating sfermion mass.

In all the Agr. cases, it turns out that reference [1] is agreeing with reference [63], though
reference [63] only gives the bounds to the first significant figure, and it is assumed that the
differences (6.7x107? compared to 6x107% and 2.7x10~7 compared to 3x10~7) arise from
rounding errors.

The reference in this rightmost column, labelled “Key”, gives the previous published bound.
Where two references are given, the comparison is between the calculated bound on a product
of two couplings and the product of the bounds on individual couplings.

The indices have been arranged so that the number made from reading off the indices to
make a six—digit number ascends, with the exception that the first two indices on A;j;, have not
been rearranged to give the lowest number (through the antisymmetry of the coupling on its
first two indices), rather they are such that the first index is that of the flavor of the sneutrino
involved in the bound through its mass.

3.3.1 Highlights

To save the reader’s eyesight and sanity, additional tables precede the main tables, containing
what may be considered the most interesting results. The coupling combinations which had
no bounds previous to reference [1] are presented in table 3.1. Those combinations which have
improved by a factor of 30 or more are presented in table 3.2, and the cases where the previous
tightest bound was given by a product of individual bounds but the combined bound is now
better are presented in table 3.3.
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Coupling combination Bound Decay
)\g21/\/922 2.1 [DgL]Q n—ué + efi
Ag12N g22
Ag13Ag12 9.7x107%* [7,.]? | T—eKs
Aga1 N ga1
Ag23 N g12 1.0x1073 [7y)? | T—uKs
Agaa N g21
N1g1 N 342 2.3x1072 [G,.)? | T—eKs
N1g2Nago 1.5x10%2 [i,)% | n—pe + efi

NigaN392 =) 1.2x1073 [@g)? | T—en
N1g2A'392 3.4x1073 [@,1]? | T—ed
Nogi X392 2.4x1073 [i,.)% | 7—pKs

NogaN 30 =) 1.6x1073 [agr)? | T—un
NogaN'3g2 3.4x1073 [ayr)? | T—ud

Table 3.1: Coupling combinations which had no bounds previous to reference [1].

Coupling From reference [1] Previously published
combination Bound Decay Bound Decay Key

Ag13 N g22 4.6x10% [ﬁgL]Q T—en 1.6x1072 [ﬁgL]Q T—en Upd. [64]

Aga1 N gaz

Agis Ngzr || 9.7x107% [5,0]? | 7—eKs || 8.5x1072 [,0]2 | 7—ek® | Upd. [64]

Aga1 N g12

Ag23 N g21 1.0x1073 [ﬁgL]Q T—uKg 7.6x1072 [ﬁgL]Q 7—uK° | Upd. [64]

Agaz N g12

Ags2 N g11 6.7x107° [FyL])? | T—un L7x1073 [7y.)? | T7—un Upd. [64]

Ag23 N g22 3.7x107% [7yL)? | T—un L.7x1072 [7,.)? | T7—un Upd. [64]

Aga2 N g22

Table 3.2: Coupling combinations which have improved by a factor of 30 or more compared to

those published before reference [1].
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Coupling From reference [1] Previously published

combination Bound Decay Bound Decay Key
Nitg Na1g || 1.2x1073 [dyg)? | 7—en® 0.02 [dyr] | APV in Cs | Upd. [26],
x0.12 [dor] | 25 26]
Nigg Notg || 9.0x1073 [dyr)? | D°—pe | 0.21 [dyr] | ASp Upd. [26],
x5.9 x1072 [dgr] | T==27 [65]

Table 3.3: Cases where the combined bound is now better than the product of the individual
bounds.

3.4 Discussion

3.4.1 )\ijk)\lmn

The bounds on (AjjxA\imn) from 7 decay in table 3.4 tighten by a factor of about 3 those in
reference [66], as the relevant bounds have increased by roughly an order of magnitude each.
The muon decay bounds have not tightened.

3.4.2 )\ijk)\llmn

The bounds in tables 3.5, 3.6 and 3.7 generally update those already published, most recently
in reference [26] (excepting reference [1]).

Those associated with B meson rare decays do not agree with the bounds presented in
reference [26], which are just those taken from reference [60]. This disagreement can be traced
back to equation (13) in reference [60],

2

3,
L O(Mg,,,mu,,mu, ) PL (M, my,,mu, ) AaimNnisl” (3.23)

P(Bo=1rtn) = Tormingg

For comparison with this work’s equation (3.22), note that

IB,, = Fr,, (taken to be 200 MeV in both cases)  (3.24)
o= m,, (3.25)

Mg, = mg,, . my, =me, and so on.

2 2 Me,
iy — i p(so(z)) o
de/s

me

Pl(Mquumlzamlm) = m2Bd/S(m2Bd/S - mgl) <1 +0 <—l>> (327)
de/s

In this case M%Sd/s =mp + Mg,
It can then be seen that the ratio of reference [60]’s decay width over the decay width in
equation (3.22) is 4(my + mqi)z/M]%,qv = 2.67 for the By case or 2.70 for the B, case, which

implies that reference [60]’s bound on |Apim A nis|” is about 2.7 times too tight, so reference [60]’s
bound on |Au;m A nis| is about 1.6 times too tight. The bounds for the many of the rare B
decay branching ratios have tightened, which is why many of the bounds in tables 3.5 to 3.8
for the couplings associated with these decays are tighter than in reference [60]. However,
equation (3.22) agrees with equation (14) in reference [60], and note that the coefficients of
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(Mijk Aimn) From reference [1] Previously published
ijk lmn Bound Decay Bound Key
121 123 7.0x1074 [12]? | T—pefi 2.1x1073 [#12]? | Upd. [66]
121 131 6.8x107% [11)? | T—uee 2.0x1073 [#12]? | Upd. [66]
121 132 5.6x1074 [i1]? | T—pue 1.9x1072 [79.)? | Upd. [66]
122 123 6.8x107% [1z)? | T—ppi || 2.2x1073 [712]? | Upd. [66]
122 131 7.0x107% [y2]? | T—pefi 2.1x1073 [#1.]? | Upd. [66]
122 132 6.8x107% [1z)? | T—ppi || 2.2x1073 [712]? | Upd. [66]
211 212 6.6x1077 [or]? | p—eee 6.6x1077 [r]? | Agr. [59]
211 213 7.0x107% [Dor]? | T—eee 2.7x1073 [p1]? | Upd. [66]
211 231 7.0x1074 [Ppr]? | T—eee 2.7x1073 [#p1]? | Upd. [66]
211 232 6.8x107% [ ]? | T—uee 2.0x1073 [#p1]? | Upd. [66]
212 213 6.8x107% [ )? | T—uee 2.0x1073 [#p1]? | Upd. [66]
212 231 52x1074 [Pr]? | T—eefi 1.9x1072 [721]? | Upd. [66]
212 232 7.0x1074 [Pr]? | T—pefi 2.1x1073 [#p1]? | Upd. [66]
311 312 6.6x1077 [31)? | p—eee 6.6x1077 [532]? | Agr. [59]
311 313 7.0x107% [D31]? | T—eee 2.7x1073 [31]? | Upd. [66]
311 321 6.6x1077 [31]% | p—eee 6.6x1077 [532]% | Agr. [59]
311 323 6.8x107% [31]% | T—pee 2.0x1073 [31]? | Upd. [66]
312 313 6.8x107% [31]% | T—pee 2.0x1073 [31]? | Upd. [66]
312 323 5.6x107% [31]2 | T—upe 1.9x1073 [#3.]? | Upd. [66]
313 321 52x1074 [31]? | T—eefi 1.9x1072 [3.]? | Upd. [66]
313 322 7.0x1074 [31]? | T—pefi 2.1x1073 [32]? | Upd. [66]
321 323 7.0x1074 [31]? | T—pefi 2.1x1073 [32]? | Upd. [66]
322 323 6.8x107% [32)? | T—ppii || 2.2x1073 [#3.]2 | Upd. [66]

Table 3.4: Bounds on (AjjxAimn): all but those from p—eeé are updated from reference [66].
The presented p—eeé bounds agree with those in reference [59].
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the four—fermion terms in equation (2) in reference [60] differ by a factor of 2 between the
sneutrino—mediating and the squark—mediating terms in the effective Hamiltonian, so it is
puzzling as to how the sneutrino—mediated and the squark—mediated decay widths differ by a
factor of 16 rather than 4. Further to this, equation (13) in reference [60] appears to be the
same as equation (8) in reference [62]; however reference [62] defines the couplings A such that
the superpotential does not have the factor of 1/, before the trilinear lepton term. Taking this
into account, equation (3.22) agrees with the equations in reference [62].

In general, the updates on the other bounds in tables 3.5 to 3.8 arise from tighter
experimental bounds, though some are tightened through considering 7—Kgl~ instead of
T—KO~.

There are also new bounds on couplings that had not been published before reference [1],
associated with the decays 7—eKg and 7—uKg, which are of the same order as the other
bounds, and with the decay n—pue + efi, which is not a particularly tight bound at all.

The tightest bounds in tables 3.5 to _3.8 are associated with K decays. Since Ky is an
antisymmetric combination of K° and K©°, there is easily the possibility that contributions
from X412 and X 401 interfere destructively — if X 412 = N 21, then no bounds can be extracted
from Ky decays at all.

3.4.3 )\/ijk>\/1mn

Again, most of the bounds in tables 3.9 to 3.14 update those already published, most recently in
reference [26] (excepting reference [1]), generally through tighter experimental bounds. Again,
there are also new bounds on couplings that had not been published before reference [1],
associated with the decays 7—eKg and 7—uKg, which are of the same order as the other
bounds, and with the decay n—ue + epr, which is not a particularly tight bound at all. In
addition, there are new bounds from 7—en. (The bounds from 7—{ "7 are tighter than 7—{~ ¢,
but 7—I1~ ¢ has not the potential for the mediating squark coupling to both down and strange
quarks creating interference as the 7 case has.)

In general, the pseudoscalar meson decay widths associated with X';j5 A i, —combinations
suffer from suppression by mZ, /m%, compared to the decay width from X;jx\'jmn—combinations,
leading to poor bounds from decays of heavy pseudoscalar mesons to light leptons, e.g. B—pue.
This leads to many more unimproved bounds than in tables 3.9 to 3.14.

Also, the tightest bounds are again associated with K decays, which are not robust upon
relaxation of the assumption that only one pair of couplings dominate the signal.

3.4.4 Comparison To SM Yukawa Couplings

If the sfermion mass is set to 100 GeV and it is assumed that the square root of the bound on
the quadratic combination )\z(;)k )\l(;)m
the bounds obtained are generally of the order of 1072. On one hand, this number is small.
The coupling of a W boson to a quark is v2mwa/sin (6 ) &~ 0.45. On the other hand, this is
quite consistent with the Yukawa couplings present in the SM. As mentioned in section 2.4.3,
there is enough freedom in the SM to rotate the fields such that the up—type quark Yukawa
couplings are diagonal while remaining as SU(2), flavor eigenstates, yet not enough to do this
for the down—-type quarks. This mismatch is generally moved from the Yukawa couplings to
the CKM matrix. However, for comparison, the Yukawa couplings of the down-type-mass—
generating Higgs boson to the down—type quarks in the MSSM in the SU(2), flavor basis, once

gives a rough bound on the magnitude of each coupling,
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the up—type quark Yukawa couplings have been diagonalized, are given by:

0.02 1.4x107%exp(2.9i)  6.5x10 3exp (0.00114) 3.9x10 3exp (—1.0i)
0= (—) 6.6x10 3exp (3.1) 2.9x10~2exp (0.000086i) 4.1x10 3exp (—0.00527)
cos(63) 7.9x10 3exp (2.7i)  2.6x10 3exp (—2.8i) 1

(3.28)
where tanf is, as in equation (2.14), the ratio of the Higgs vacuum expectation values:
specifically, tan8 = v, /vq, where v, is the vacuum expectation value of the up—type-mass—
generating Higgs boson and vy is the vacuum expectation value of the down—type-mass—
generating Higgs boson. In the SM, the formula is the same, but with a prefactor of my/m;
instead of 0.02/cosf3. This is equivalent to using the value of tang = 1. For large tan, 1/cosf ~
tand, and for the value tan =~ 50, the coupling to the bottom quark to the H; Higgs field is
the same as the top quark to the H, Higgs field, the difference in the masses of the top and
bottom quarks being solely due to the difference in vacuum expectation values of the Higgs
fields.

In comparison to the bottom quark coupling to the Higgs boson, the magnitudes of all the
other couplings are of the order of 10~2 or less. This implies the possibility that high-precision
rare—decay searches are very close to detecting the RPV couplings, should they be of a similar
magnitude to the other Yukawa couplings in the model.
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()\ijk )\/lmn)

From reference [1]

Previously published

ijk Ilmn Bound Decay Bound Decay Key
121 111 1.2 x1072 [n)? | 70—epn 2.1x1078 [12]? | p—e in *®Ti |  Unimp. [67]
0.39 [1L)? | n—pe +ef
0.41 ) | m0—pe
16 P12l | —peen
121 112 6.7 x107° [r)? | KY—pe/fepi || 6 x107° [inr)? | KY—pe/en | ) Agr. [63]
121 113 1.3 x1075 [ng)? | BY—pe 2.3x107° [1]? | BO—pue Corr.(<) [60]
121 121 6.7 x107° [inp)? | KQ—pe/en || 6 x107° [])? | KY—pefen | 1) Agr. [63]
121 122 2.1 (1) | n—pe +ef none | n/a New
3.6 x10% [7.)? | ' —ue/ef
121 123 7.6 107 [inp)? | BO—pue 4.7%x1075 [1.]? | BO'—pe Corr.(>) [60]
121 131 1.3 x1075 [in,)? | BY—ep 2.3x1070 [in]? | B—efi Corr.(<) [60]
121 132 7.6 1075 [y.]2 | BO—ef 4.7%x1075 [51.]? | B'—ef Corr.(>) [60]
122 113 6.2 x107% [71)? | BY—puji 1.5x1075 [1)2 | B—puji Corr.(<) [60]
122 123 1.2 x107° (7.2 | BO—ui 1.7x107° [1]? | BY—Kuji Upd. [68]
122 131 6.2 x1076 [in,)? | BY—pf 1.5x107° [)? | BY—puit Corr.(<) [60]
122 132 1.2 x107° (7.2 | BO—ui 1.8x107° [1]2 | BY—Kuji Upd. [68]
123 111 6.7 x107° [in)? | T—un 1.7x1073 [i10)? | 7—un Upd. [64]
1.0 x1073 [71)? | 7—pun®
123 112 1.0 x1073 [n)? | 7—uKs none | n/a New
123 113 2.2 x10~* [71]? | BO—p7 6.2x10~* [i.)? | BO—u7 Corr.(<) [60]
123 121 1.0 x1073 [, | 7—uKs 7.6x1072 [51)? | 7—uk?© Upd. [64]
123 122 3.7 10~ [711]? | 7—un 1.7x1072 [71)2 | 7—pn Upd. [64]
123 131 2.2 x10~* [in,)? | BY—rq 6.2x10~ [y )2 | BY—p7 Corr.(<) [60]
131 111 8.5 x107° [in])? | T—en 1.6x1073 [71)? | T—en Upd. [64]
7.1 x107* [71L]? | T—en®
131 112 9.7 x10~* [n]? | 7—eKs 8.5%x1072 [p1]? | 7—eK® Upd. [64]
131 113 3.7 x10~* [1.]? | BO—re 4.9x10~* [i,)? | BY—re Corr.(<) [60]
131 121 9.7 x107* [71]? | 7—eKs none | n/a New
131 122 4.6 x1074 [n1]? | T—en 1.6x1072 [74.]% | T—en Upd. [64]
131 131 3.7 x10~* [in,)? | BY—er 1.9x10~ [y )2 | Bo—er Corr.(<) [60]

Table 3.5: Bounds on (Ajjk\ imn)-
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()\ijk /\/lmn)

From reference [1]

Previously published

ijk Ilmn Bound Decay Bound Decay Key
132 111 6.7 x107° [71]? | T—pn 1.7x1073 [710)? | 7—un Upd. [64]
1.0 x1073 [797)? | 7—pun®
132 112 1.0 x1073 [, | 7—uKs 7.6x1072 [1)? | 7—uK?© Upd. [64]
132 113 2.2 x10~* [in,)? | BY—rp 6.2x10~4 [y )? | BY—p7 Corr.(<) [60]
132 121 1.0 x1073 [nz)? | 7—uKs none | n/a New
132 122 3.7 10~ [711]? | 7—un 1.7x102 [51.)2 | 7—pn Upd. [64]
132 131 2.2 x10~* [in]? | BY—u7 6.2x10~4 [y )2 | Bl—pr Corr.(<) [60]
211 213 4.1 %1075 [inz)? | BY—ee 1.7%107 )2 | BY—ee Corr.(>) [60]
211 223 2.3 x10~% [po]? | B0—ee 1.4x10~* [n]? | BY—KOee Unimp. [68]
211 231 4.1 %1075 [inz)? | BO—ee 1.7x1075 [in)? | BY—e Corr.(>) [60]
211 232 2.3 x10~% [po]? | B0—ee 2.3%1075 [ing)? | BO—K ce Unimp. [68]
212 211 1.2 %1072 )2 | m0—efi 2.1x107 [Par]? | pi—e in *8Ti | Unimp. [67]
0.38 (D2 | n—pe + efi
0.41 [ar)? | ™ —pe
16 [Dor]® | ' —pe/ep
212 212 6.7 x107° [or)? | KQ—pe/ei || 6 x107°2 [or]? | KQ—pefen | 1) Agr. [63]
212 213 1.3 %1077 [tar]? | BY—efn 2.3%1075 [inr)? | Bl—efi Corr.(>) [60]
212 221 6.7 x107% [or)? | K9 —pe/efi || 6 x107° [inr)? | KY—pe/en | 1) Agr. [63]
212 222 2.1 [D2r)? | n—pe + eji none | n/a New
3.6 x10™ [r]? | n'—ue/ep
212 223 7.6 1075 [iar]? | BO—eqn 4.7%x1075 [Dar]? | B'—efi Corr.(>) [60]
212 231 1.3 %1075 [par)? | Bl—pe 2.3x1075 [in,)? | Bl—pe Corr.(<) [60]
212 232 7.6 1075 [pr]? | BO—pe 4.7%x1075 [Dar]? | B'—efi Corr.(>) [60]
213 211 8.5 x107° [#r)? | T—en 1.6x1073 [7or])? | T—en Upd. [64]
7.1 x107* [Dor])? | T—en®
213 212 9.7 x107* [7or]? | 7—eKs none | n/a New
213 213 3.7 x10~* [par]? | BO—er 4.9x10~ [in)? | BO—er Corr.(<) [60]
213 221 9.7 x10~* [iar]? | 7—eKs 8.5%1072 [Dar]? | 7—eK® Upd. [64]
213 222 46 x10~ [r]? | 7—en 1.6x102 [par]? | T7—en Upd. [64]
213 231 3.7 x10~* [in]? | BY—re 1.9x10~4 [ar)? | BY—re Corr.(<) [60]

Table 3.6: Bounds on (AjjxA'imn) continued.
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()\ijk )\/lmn)

From reference [1]

Previously published

ijk Ilmn Bound Decay Bound Decay Key
231 211 8.5 x107° [r)? | T—en 1.6x1073 [Do1]? | T—en Upd. [64]
7.1 x107% [pr]? | 7—en®
231 212 9.7 x10~* [ar]? | 7—eKs 8.5%1072 [Dar]? | 7—eK® Upd. [64]
231 213 3.7 x10~* [in,)? | BY—re 1.9x10~4 [iar)? | BY—re Corr.(<) [60]
231 221 9.7 x107* [7or]? | 7—eKs none | n/a New
231 222 46 %10~ [r]? | 7—en 1.6x1072 [par]? | 7—en Upd. [64]
231 231 3.7 1071 [pa]? | BY—er 4.9%107% [in)? | BO—er Corr.(<) [60]
232 211 6.7 x107° [Da1]? | T—pun 1.7x1073 [Dp]? | 7—un Upd. [64]
1.0 x1073 [D9r)? | 7—pun®
232 212 1.0 x1073 [0, | 7—uKs 7.6x1072 [Bor]? | 7—uK© Upd. [64]
232 213 2.2 x10~* [i,)? | BY—r7a 6.2x10~4 [iar)? | BY—p7 Corr.(<) [60]
232 221 1.0 x1073 [9r)? | 7—uKs none | n/a New
232 222 3.7 x10~4 [par]? | 7—un 1.7x1072 [Dar)? | 7—pn Upd. [64]
232 231 2.2 x10~4 [igy]? | BY—p7 6.2x10~% [in,)? | BY—u7 Corr.(<) [60]
311 313 4.1 %1077 [i1]? | BY—ee 1.7x1075 [3.]? | BY—ee Corr.(>) [60]
311 323 2.3 x107* [73.]? | BY—ee 2.3x107° [73.]? | BY—K"ee Unimp. [68]
311 331 4.1 %1077 [i,]? | BY—ee 1.7x1075 [3,]2 | BY—ee Corr.(>) [60]
311 332 2.3 x10~* [3]2 | B0—ee 2.3x1077 [i3,]? | BY—KCec Unimp. [68]
312 311 1.2 %1072 [75,)2 | m0—efi 2.1x1078 [73:]2 | p—e in 8Ti |  Unimp. [67]
0.38 [732)? | n—pe +efi
0.41 [75L)? | ™ —pe
16 [DsL]? | W' —pe/ep
312 312 6.7 x107° [i)? | KQ—pe/fe || 6 x107° [31]? | KQ—pefen | 1) Agr. [63]
312 313 1.3 x1075 [i5,)? | BY—ep 2.3x107° [i51]? | BO—eji Corr.(<) [60]
312 321 6.7 x107% [3]? | KO —pe/fefi || 6 x107° [inr]® | KY—pe/en | ) Agr. [63]
312 322 21 [730]? | n—pe +ep none | n/a New
3.6 x10™ [31]? | n'—ue/ep
312 323 7.6 %1075 [3.]2 | BO—ef 4.7%x1075 [53.]? | B'—ef Corr.(>) [60]
312 331 1.3 %1073 [i3]? | BY—pe 2.3x105 [i5,)? | B—pe Corr.(<) [60]
312 332 7.6 1073 [3]2 | BO—pe 4.7%x1075 [p3.]? | BO—pe Corr.(>) [60]

Table 3.7: Bounds on (Ajjx A 1mn) continued.
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()\ijk /\/lmn)

From reference [1]

Previously published

ijk Ilmn Bound Decay Bound Decay Key
313 311 8.5 x107° [3.]? | T7—en 1.6x1073 [3.]? | T7—en Upd. [64]
7.1 x107* [3.]? | 7—en®
313 312 9.7 x107* [73.]? | 7—eKs none | n/a New
313 313 3.7 x10~* [i5,)? | BY—er 1.9x10~4 [5,)? | Bo—er Corr.(<) [60]
313 321 9.7 x10~* [3]2 | 7—eKs 8.5%1072 [p3]? | 7—eK® Upd. [64]
313 322 4.6 x10~4 [73.]2 | 7—en 1.6x1072 [75.]2 | 7—en Upd. [64]
313 331 3.7 104 [p3.)? | BY—re 4.9x10~* [7.]? | Bl—re Corr.(<) [60]
321 311 1.2 x1072 [3.)? | 70—eii 2.1x1078 [#3.]2 | p—e in ¥Ti |  Unimp. [67)
0.38 [D3L)? | n—pe + efi
0.41 [32)? | ™ —pe
16 arl? | H—piefen
321 312 6.7 x107% [3r)? | KO —pe/fefi || 6 x107° (3] | KY—pe/en | 7 Agr. [63]
321 313 1.3 x1075 [5.)? | BY—pe 2.3x1075 [i31]? | BO—pe Corr.(<) [60]
321 321 6.7 x107° [i)? | KQ—pe/fe || 6 x107°2 [3.]® | KQ—pefen | 1) Agr. [63]
321 322 2.1 [732)? | n—pe + efi none | n/a New
3.6 x10™ [3.]? | ' —ue/ep
321 323 7.6 x1075 [3.]2 | BO—pue 4.7x107° [75,)? | B'—pe Corr.(>) [60]
321 331 1.3 x1075 [3)2 | BY—ep 2.3x1075 [5.)? | BO—efi Corr.(<) [60]
321 332 7.6 x107° [3]2 | BO—eqn 4.7%x1075 [53.]2 | B'—ef Corr.(>) [60]
322 313 6.2 x10~5 [73.]? | BO—pi 1.5%105 [73.]2 | BY—pui Corr.(<) [60]
322 323 1.2 x107° [75,)? | BO—pi 171073 [5,]? | BI—K Upd. [68]
322 331 6.2 x107 [i5,]? | BY—pf 1.5x1073 [i5,]? | BY—p Corr.(<) [60]
322 332 1.2 x107° [75,)? | BO—pui 1.8x1073 [i5,]? | BI—K Upd. [68]
323 311 6.7 x107° [3.]? | T—pn 1.7x1072 [930]? | 7—un Upd. [64]
1.0 x1073 [73.)? | 7—pun®
323 312 1.0 x1073 [732)% | 7—uKs none | n/a New
323 313 2.2 x10~4 [p1]? | BO—p7 6.2x10~* [75.)? | BO—u7 Corr.(<) [60]
323 321 1.0 x1073 [75,)2 | 7—uKs 7.6x1072 [3]2 | 7—pK?© Upd. [64]
323 322 3.7 10~ [ps.]? | 7—un 1.7x1072 [73.]2 | 7—pn Upd. [64]
323 331 2.2 x10~* [5,]? | BY—rp 6.2x10~4 [3)? | BY—p7 Corr.(<) [60]

Table 3.8: Bounds on (AjjxA'imn) continued.
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()\/ijk /\/lmn)

From reference [1]

Previously published

ijk lmn Bound Decay Bound Decay Key
111 113 2.6 x1072 [i11]? | B)—ee 0.03 [i1r] | APVin Cs | Unimp. [26],
x0.18 [i17] | A%p [26]
111 211 0.36 [dir)? | n0—efi 4.5 x1078 [d1g]? | p—e in *Ti | Unimp. [67]
11 [dig)? | 70— pe
1.5 x10%2 [dig]? | n—pe + ep
1.9 %107 [dig)? | n'—pe/ei
111 211 0.36 [10)? | 70—ept 4.3 x1078 [@1.)? | p—e in ¥Ti | Unimp. [67]
11 [a12)? | 70— pe
1.5 x10%2 [@12)? | n—pe + e
1.9 x10% [a1.)? | ' —pue
111 212 2.7 x1077 [a1L)? | KY—pe/ef 3 x1077 [ayr)? | KY—pe/en | ) Agr. [63]
111 213 1.6 x1072 [@1)? | BY—efi 4.7 x1073 [a1)? | BY—eq Upd. [60]
111 221 2.8 x1072 [d1g]? | D°—ef 0.02 [dig] | APVin Cs | Unimp. [26],
x0.21 [dir] | =555 [69]
111 311 1.2 x1073 [dig)? | T—en® 0.02 [dir] | APV in Cs Upd. [26],
x0.12 din] | =2t [26]
2.0 x1073 [d1g]? | T—en
2.4 x1073 [dyg)? | T—ep®
111 311 1.2 x1073 [ay7)? | 7—en® 2.4 x1073 [a1]? | T—ep® Upd. [64]
2.0 x1073 [a1.]2 | 7—en =)
2.4 x1073 [a1.]? | T—ep?
111 312 2.3 x1073 [a1L)? | T—eKs none | n/a New
3.6 x1073 [ay7]? | T—eK*0
111 313 2.7 x1073 [11]? | B)—er 5.9 x1073 [a11]? | B)—er Upd. [60]
112 113 9.3 [i1r)? | BO—ee 0.18 [i1] | A% p Unimp. [26],
x0.28 [irr] | ASp 26]
112 211 2.7 x1077 [a1z)? | K9 —pe/ef 3 x1077 [ayr)? | K9—pe/en | 1) Agr. [63]
112 212 0.36 [daor)? | 70—efi 4.5 x1078 [dag]? | p—e in *Ti | Unimp. [67]
1.1 [dog)? | 70— pe
1.6 %1072 [dog)? | n—pé + eq
1.9 %1074 [dyg)? | n/—pe/eji

Table 3.9: Bounds on (X ijkA 1mn)-
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()\/ijk /\/lmn)

From reference [1]

Previously published

ijk lmn Bound Decay Bound Decay Key
112 212 76 [10]? | n—pe + eji none | n/a New
1.1 x10%° [a1.)? | ' —pe
112 213 9.4 x1073 [a17]? | B%—eq 9.6 x1073 [a17]? | B'—ej Upd. [60]
112 222 2.8 x1072 [dyg)? | D'—efi 0.02 [d2g] | APV in Cs | Unimp. [26],
x0.21 [dar] | =500 [69]
112 311 2.3 x1073 [a17)? | 7—eKs 2.7 x1073 [i17]? | 7—eK* Upd. [64]
2.9 x1073 [a17])? | 7—eK™?
112 312 1.2 x1073 [dyg)? | T—en® 0.02 [d2r] | APV in Cs Upd. [26],
x0.12 lder) | =222 [26]
2.0 x1073 [dag])? | T—en
2.4 x1073 [dog]? | T—ep”
112 312 1.2 x1073 [a12]? | 7—en none | n/a (=) New
3.4 x1073 [a1L]? | T—ed
113 211 1.6 x1073 [G12)? | BY—pue 4.7 x1073 [ay)? | BY—pe Upd. [60]
113 212 9.4 x1073 [a17)? | B%—pe 9.6 x1073 [a17]? | B9—pe Upd. [60]
113 213 0.36 [dsg)? | T0—efi 4.5 x1078 [d3g)? | p—e in 8Ti | Unimp. [67]
11 [dsgr)? | 70— pe
1.5 x1072 [d3g)? | n—pé + eji
1.9 x107 [dsg]? | ' —pé/efi
113 223 2.8 x1072 [d3g]? | D'—ef 0.02 [dsr] | APV in Cs | Unimp. [26],
x0.21 [dsr] | =250 (69]
113 311 2.7 x1073 [a17]? | BY—re 5.9 x1073 [a17]? | B)—7e Upd. [60]
113 313 1.2 x1073 [d3g)? | T—en® 0.02 [dsg] | APV in Cs Upd. [26],
x0.12 [dsr] | T2 [26]
2.0 x1073 [d3g]? | T—en
2.4 x1073 [dsg]? | T—ep”
121 123 2.6 x1072 [igz]? | B)—ee 0.03 [igr] | APV in Cs | Unimp. [26],
x0.18 liar] | Abp [26]
121 211 9.0 x1073 [d1g)? | D'—pe 0.21 [dir] | A%p Upd. [26],
x5.9 x107% [diR] | 7=—=7% [65]
121 221 1.6 [digr)? | J/p—pe/ei || 0.21 [dir] | Ay Unimp. [26],
x0.21 [dig] | sl [69]

Table 3.10: Bounds on (XijxA imn) continued.
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()\/ijk /\/lmn)

From reference [1]

Previously published

ijk lmn Bound Decay Bound Decay Key
121 221 0.36 [a2r)? | 70—ef 4.3 x1078 [G2r)? | p—e in *8Ti |  Unimp. [67]
11 [a2r)? | 70— pe
1.5 x10%2 [Gar]? | n—pe +efi
1.9 x10% [agL)? | n'—ue
121 222 2.7 x1077 [agr]? | KQ—pué/eq 3 x1077 [agr)? | KY—uéfen | 1) Agr. [63]
121 223 1.6 x1072 [@a)? | BY—efi 4.7 x1073 [agr]? | Bl—en Upd. [60]
121 321 5.9 [dir)? | J/—7E/eT 0.21 [dir) | A%p Unimp. [26],
%0.52 (dir] | 5= [70]
121 321 1.2 x1073 [igr)? | 7—en® 2.4 x1073 [ugr]? | 7—ep® Upd. [64]
2.0 x1073 [Ggr)? | T—en =)
2.4 x1073 [a2L)? | T7—ep?
121 322 2.3 x1073 [ugr)? | T—eKs none | n/a New
3.6 x1073 [tgr]? | T—eK*0
121 323 2.7 x1073 [i2r]? | B)—er 5.9 x1073 [tar]? | B)—er Upd. [60]
122 123 4.1 [ior)? | B0—ee 0.18 [ior) | Abp Unimp. [26],
x0.28 lior) | A%p 26]
122 212 9.0 x1073 [dag]? | D°—pé 0.21 [dar] | ASp Upd. [26],
x5.9 x1072 [dop] | 2= 65]
122 221 2.7 x1077 [aor]? | K9 —ue/e 3 x1077 [aer)? | K9—ue/en | 1) Agr. [63]
122 222 1.6 [dog)? | J/b—pefen || 0.21 [d2] App Unimp. [26],
x0.21 [dor] | Po—si= [69]
122 222 76 [2r)? | n—pe + eji none | n/a New
1.1 x10%5 [agL)? | n'—ue
122 223 9.4 x1073 [agz]? | B9—ep 9.6 x1073 [agz]? | B'—ep Upd. [60]
122 321 2.3 x1073 [ugr]? | T—eKs 2.7 x1073 [ugr]? | T—eK* Upd. [64]
2.9 x1073 [2r)? | 7—eK™*?
122 322 5.9 [dor)? | J/p—7E/eT 0.21 [dar) | ASp Unimp. [26],
% 0.52 (d2r] | 5=t [70]
122 322 1.2 x1073 [@ar]? | T—en none | n/a (=) New
3.4 x1073 [Ggr)? | T—ed

Table 3.11: Bounds on (X jjk A 1mn) continued.
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()\Iijk /\/lmn)

From reference [1]

Previously published

ijk Ilmn Bound Decay Bound Decay Key
123 213 9.0 x1073 [d3g)? | D°—pe 0.21 dsg] | ASp Upd. [26],
x5.9 %107 [dsg] | == [65]
123 221 1.6 x1073 [ig]? | Bd—pe 47 x1073 [iipy)? | BO—pe Upd. [60]
123 222 9.4 x1073 [agL)? | BY—pe 9.6 x1073 [ag]? | B'—pe Upd. [60]
123 223 1.6 [dsg)? | J/p—pe/ei || 0.21 dsr] | A%y Unimp. [26],
x0.21 [dsr) | Borir [69]
123 321 2.7 x1073 [ig]? | Bd—re 5.9 x1073 Jigr)? | Bd—re Upd. [60]
123 323 5.9 lsp)? | J/—Te/er 0.21 (d3r)] Aip Unimp. [26],
x0.52 [d3r) D;:;Z [70]
131 133 2.6 x1072 Jiiy)? | Bl—ee 0.03 [isp] | APVin Cs | Unimp. [26],
x0.18 [d3r] | Ab%p [26]
131 231 0.36 [as3p]? | 70—ef 4.3 x1078 [a3z]? | p—e in *¥®Ti |  Unimp. [67]
11 [ﬂ/3L]2 7T0—>/Lé
1.5 x10%2 [i3.)? | n—pe + efi
1.9 x10™ [as.)? | ' —pe
131 232 2.7 x1077 [as)? | KY—pe/ep 3 x1077 [asg)? | KY—pefen | ) Agr. [63)]
131 233 1.6 x1073 [as.]? | BY—en 4.7 x1073 [asy)? | BY—ep Upd. [60]
131 331 1.2 x1073 [igp)? | r—er® 2.4 x1073 [ig]? | T—ep® Upd. [64]
2.0 x1073 [usL])? | T7—en (=)
2.4 x1073 [ﬂ/3L]2 T—>€p0
131 332 2.3 x1073 [uzr)? | T—eKs none | n/a New
3.6 x1073 [a3L)? | T—eK™*?
131 333 2.7 x1073 Jisy)? | Bd—er 5.9 x1073 Jiisy)? | Bd—er Upd. [60]
132 133 41 lis)? | BO—ee 0.18 lisg) | A% g Unimp. [26],
x0.28 lis] | ASp [26]
132 231 2.7 x1077 [as)? | KQ—pe/ep 3 x1077 [asg)? | KY—pe/en | ) Agr. [63)]
132 232 76 [3p]? | n—ue + efi none | n/a New
1.1 x10%3 [ﬂ/3L]2 7' —ue
132 233 9.4 x1073 [a3]? | B—efi 9.6 x1072 [i3.]? | BY—efi Upd. [60]

Table 3.12: Bounds on (Xjjx A 1mn) continued.
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()\/ijk /\/lmn)

From reference [1]

Previously published

ijk lmn Bound Decay Bound Decay Key
132 331 2.3x1073 [azr)? | 7—eKs || 2.7x1073 [asg]? | 7—eK%* Upd. [64]
2.9x1073 [agp)? | T—eK*O
132 332 1.2x1073 [@3g)? | 7—en none | n/a (=) New
3.4x1073 [a3.]? | T—ed
133 231 1.6x1073 [az.)? | BS—pe || 4.7x1073 [asz]? | B)—pe Upd. [60]
133 232 9.4x1073 [asg)? | BO—pe || 9.6x1073 [asz]? | BO—pe Upd. [60]
133 331 2.7x1073 [usz)? | B)—7e 5.9x1073 [az.)? | BY—re Upd. [60]
211 213 54x1074 [a1.)? | BO—pi || 2.1x1073 [ay.]? | BO—pf Upd. [60]
211 311 1.6x1073 [dig]? | T—pun 4.4x1073 [dg)? | T—pup® Upd. [64]
1.8x1073 [dig)? | T—pum®
4.3x1073 [dyg)? | T—pup°
211 311 1.6x1073 [@17)? | 7—un 4.4x1073 [i12]? | 7—pp° (=) Upd. [64]
1.8x1073 [17)? | 7—pun®
4.3x1073 [a12)? | 7—pp°
211 312 24x1073 [a1.]? | T—pKs none | n/a New
3.6x1073 [Gy.)? | T—uK*0
211 313 1.6x1073 [ay.)? | BY—p7 || 7.3x1073 [a12)? | B)—pu7 Upd. [60]
212 213 1.0x1073 [ay)? | BO—pufi || 4.6x1075 [@12)? | BY—K°ufi | Unimp. [68]
212 311 2.4x1073 [ay7)? | 7—pKs || 3.4x1073 [a1z]? | T—pKO* Upd. [64]
3.6x1073 [a17)? | T—pK*0
212 312 1.6x1073 [dag)? | 7—un 4.4%1073 [dog)? | T—pup® Upd. [64]
1.8x1073 [dag)? | 7—pun®
4.3x1073 [dag)? | T—pup°
212 312 9.2x107* [a1.)? | 7—pn none | n/a (=) New
3.4x1073 [a1.)? | T—po
213 311 1.6x1073 [@1.)? | BY—7i || 7.3x1073 [a12)? | BY—7/ Upd. [60]
213 313 1.6x1073 [d3g]? | T7—un 4.4x1073 [dsg)? | T—pup® Upd. [64]
1.8x1073 [d3g)? | 7—pum®
4.3x1073 [d3g)? | T—up°
221 223 54x1074 [tgr]? | BY—pji || 2.1x1073 [igL)? | Bd—pi Upd. [60]
Table 3.13: Bounds on (X jjk A 1mn) continued.
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(Nije N imn) From reference [1] Previously published
ijk lmn Bound Decay Bound Decay Key
221 321 2.9 [diR)? | J/¢p—Ti)u7 0.21 (dir) | Bl Unimp. [69],
x0.52 [d1R] g—:u [70]
221 321 1.6 x1073 [i2r)? | 7—un 4.4 x1073 [agp]? | T—up® (=) Upd. [64]
1.8x1073 [tgr)? | T—un®
4.3%x1073 [agr]? | T—pup®
221 322 2.4x1073 [agL]? | T—pKs none | n/a New
3.6x1073 [Ggr)? | T—uK*0
221 323 1.6x1073 [@gr)? | BS—pu7 7.3 x1073 [t2z)? | BY—ut Upd. [60]
222 223 1.0x1073 [agr)? | BY—pi 4.6 x1075 [azr]? | BY—KO°ufi |  Unimp. [68]
222 321 2.4x1073 [tgr)? | 7—pKs 3.4 x1073 [agr]? | 7o pK%* Upd. [64]
3.6x1073 [gr)? | T—pK*0
222 322 2.9 [dor)? | J/p—7h/u7 || 0.21 (dar) | Brei Unimp. [69)],
%0.52 (d2r) | 5= [70]
222 322 9.2x107% [Gar]? | T—un none | n/a (=) New
3.4x1073 [agr)? | T—po
223 321 1.6x1073 [agr]? | BY—7h 7.3 x1073 [agL)? | By—7h Upd. [60]
223 323 2.9 [dsr)? | J/Y—7h/u7 || 0.21 (dsr) | Bl Unimp. [69)],
x0.52 (dsr] | 5=t [70]
231 233 5.4x107* [azr)? | BY—pp 2.1 x1073 [a3z)? | B)—puji Upd. [60]
231 331 1.6x1072 [u3L)? | 7—un 4.4 x1073 [as)? | 7—pp° 1(=) Upd. [64]
1.8x1073 [ugr)? | 7—un®
4.3x1073 [agL]? | 7—pp®
231 332 2.4x1073 [asL]? | 7—pKs none | n/a New
3.6x1073 [a3)? | T—pK*°
231 333 1.6x1073 [azr)? | BY—u7r 7.3 x1073 [a3z]? | BY—ur Upd. [60]
232 233 1.0x1073 [asr)? | B—pp 4.6 x107° [uzg]? | BS—KO°ufi |  Unimp. [68]
232 331 2.4x1073 [uzr)? | 7—pKs 3.4 x1073 [asg]? | 7o pK%* Upd. [64]
3.6x1073 [azr)? | T—pK*0
232 332 9.2x107% [a3)? | T—un none | n/a (=) New
3.4x1073 [azr)? | T—po
233 331 1.6x1073 [a3r)? | BY—Th 7.3 x1073 [a3z]? | BY—7j Upd. [60]

Table 3.14: Bounds on (XijxA imn) continued.
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Chapter 4

Bounds On R—Parity Violating
Terms from OPAL

The OPAL collaboration searched for lepton flavor violation in electron—positron colli-
sions at LEP2 energies [71], and provided 95% confidence limits on the cross—sections for
ete”—eFpu® /eFrt /uTrt. This allows one to set bounds on Aijk Aimn—type combinations,
though with a dependence on the mediating sneutrino mass that is not linear. These may
be compared to the relevant bounds from 7 lepton and muon decay data, and may possibly
complement them through the different mass dependence.

4.1 Analytic Expressions

The Feynman diagrams and matrix elements for the appropriate processes are very similar to
those from the purely leptonic decay of heavy leptons in section 3.2.2. The only difference, bar
which values the flavor indices take, is to replace an outgoing charged lepton with an incoming
charged anti-lepton, as shown in figure 4.1. For the matrix element, this entails that the spinor
@(pe, ) for an outgoing lepton of flavor b is replaced by o(pe,) for an incoming anti-lepton of
flavor b, and that the propagator i/(pl%gL —m?,gL) can not be approximated as —i/ml%gL. Instead,
pl%gL is replaced by one of either of the Mandelstam variables s or . The choice of s or ¢ is related
to the choice of which of the flavor indices a, b, ¢ and d are chosen to represent which of the
leptons. The following choice is made: e, is the incoming lepton, € is the incoming anti—lepton,
ec is the outgoing lepton and ey is the outgoing anti-lepton. Hence a = b = 1. The Mandelstam
variable t is defined to be (pe, — pe.)?, and s = (pe, + pe,)?. The momentum-squared of the
sneutrino appearing in the propagator is then s for the terms involving lepton e, and anti-
lepton €y, at a vertex, i.e. those terms involving Agep or A7, or ¢ for the terms involving lepton
eq and lepton e, at a vertex, i.e. those terms involving Agq. or )\an- Also, the fact that the
sneutrino can decay must be taken into account by the relativistic Breit—Wigner form of the
propagator, which dampens the s—channel resonance. The fact that the sneutrino can decay
into on-shell particles implies that its self-energy corrections to its mass gain an imaginary
part, hence the propagator can be written in the form i/(plz;gL — m?;gL +imy,, I's,, ), where
I's,, is the decay width of the sneutrino, in the approximation that the imaginary part of the
self-energy is small. The s—channel propagator is then taken to be i/ (p,%g LT m,%g Lt irpm?;gL ),
parametrizing the decay width of the sneutrino as rr times its mass. Since the decay width of
the sneutrino in the RPVMSSM involves many unknowns, in the analysis rr is set to be 5%
and 10%. For comparison, the Z boson decay width is roughly 3% of mz and the W boson
decay width is roughly 3% of myy.
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Figure 4.1: The Feynman diagrams for the process of a charged lepton of flavor a interacting
with a charged anti-lepton of flavor b to form a charged lepton of flavor ¢ and a charged
anti-lepton of flavor d.

4.1.1 Matrix Element

The matrix element for this process is given by

iMeyep—eceq = (€c(Pe.)s d(Pey)l[Er(—1)Njir PreivjL][€1(—i) A\puin Prenp, L]l €a(Pe, ), €b(Pe, )

= L ([(Pe,) N Pru(pe, ) [E(Pe. ) Agae PLo(pe, )]

(s —mZ  +irrm3 )
e Agar Pr(pe, Nape,) Agea Pro(pe, )
~ =y (e e Proe) [i(pe) Nyeo Prpe, )

F[w(pe. ) Agac Pru(pe,))[0(pe, ) Agpa Pro(Pe,)]) (4.1)

~+

4.1.2 Differential Cross—Section

Squaring the matrix element, summing over final spins and averaging over initial spins, gives
the following differential cross—section:

dQ - " 2567 S ((S —m )2 + ’]"2m4 ) g g ng gab
(t mug )2 g g g g

approximating all the (anti—)leptons as massless compared to the center—of-momentum energy
v/s. In making this massless lepton approximation, the cross—terms between the s— and t—
channel matrix elements drop out, since they are proportional to the lepton masses.

Setting a = b = 1 and then summing over the two final states e.éq plus egé. for comparison
with the data (given in reference [71] for combined searches, where, for example, no distinction
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between e~ 71 and et7~ was made), this reduces to the following three cases:

do B 1 52 n 2
A9/ oo T 12872s ((s—m?;gL)2+r12~mf§gL) (t—m,%gL)2
x ([ Ag21 [ Ag11” + [Agr2l* | Ag11|*)
(4.3)
do B 1 52 n 2
Q) . ... 128x2s ((s—m?;gL)2+r12~mf§gL) (t—m,%gL)2
([ Ag21 [ Ag11” + [Agr2l* | Ag11|*)
(4.4)
d0'> 1 82 2 2 2 2
- = ([Ag23]"[Ag11]™ + [Agaz|“[Ag11]7)
<dQ copr 128725 (((s—m%ﬂ?—i—r%m%ﬂ) g g g g
r Ao21 2 Ag31 2 + [Ag12 2 Ag1s | 4.5
+m(| 921" Aga1|” + [Ag12]"[Ag13]7) (4.5)
VgL

4.2 Numerical Results

The bounds on the appropriate A;jiAimn—combinations as a function of the sneutrino mass
my,, are calculated by comparing the integrals over the solid angles of the differential cross—
sections presented in equations (4.4), (4.5) and (4.5) to the 95% confidence upper limits on
the relevant cross—sections given in reference [71]. These bounds are shown in figures 4.2, 4.3
and 4.4, respectively, along with the bounds on the same coupling combinations, using the
double coupling dominance convention, from table 3.4 as a function of mgp, . In figures 4.2
and 4.3, both the s— and the t—channels contribute to the bound on each coupling combination,
and in figure 4.4 the s—channel cross-section is dependent on ([Age3|*|Ag11]” + [Agsal*[Ag11]”)
while the ¢—channel cross-section is dependent on (|Ago1|*|Ags1|> + |Ag12|*[Ag13|°), so there are
two different dependences on the sneutrino mass. In calculating the bounds, an average value of
Vs = 204.5 GeV was used though the data were taken in the range /s = 200 GeV to 209 GeV,
hence there is potentially a 2% error associated with this.

4.3 Discussion

As can be seen in figures 4.2, 4.3 and 4.4, unless the sneutrino mass is very close to the center—
of-momentum energy of /s~ 200 GeV, the bounds from the non-observation of LFV in 7
lepton and muon decays are much stronger than those from the non-observation of LFV at
the OPAL experiment. Even considering the mass of the sneutrino to be in the region of such
a resonance, where the bounds are very dependent on the decay width of the sneutrino, the
bounds are only better if, in the case of ete™—e¥r%/uFr*, the decay width is 10% of the mass
(i.e. 20 GeV) or lower. In the case of ete™—eTpt, if the decay width is used as a variable, the
value for which the collider bound is better than the decay bound is less than 36 MeV, which is
far below the energy resolution of the experiment (for example, the electromagnetic calorimeter
resolution was about 3.5% for electrons with momenta above 70 GeV [71]). This result suggests
that the signal for eTe™—eTu* at a high-energy linear collider predicted by Sun et al. [72] is
107 to 107 times too large, as the values of the couplings taken are those for the bounds on
individual couplings, which are far weaker than those on the products.

Though the collider bounds are not as tight as the decay bounds away from the potential
resonance, one may deduce that data collected at energies below /s &~ 200 GeV might enhance
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Figure 4.2: The bounds on ([Aga1|*[Agi1|” + [Agi2|*[Ag11]%)"/? as a function of my,, from the
search for ee—pé/eii by OPAL in the range 200 GeV <,/s<209 GeV.
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Figure 4.3: The bounds on ([Aga1|*[Agi1|” + [Ag13*[Ag11]%)/? as a function of my,, from the
search for ee—71é/eT by OPAL in the range 200 GeV <,/s<209 GeV.
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Figure 4.4: The bounds on (|Ag2s|*[Ag11]* + [Ags2|*|Ag11]*)/2 (s-channel) and (|Aga1|*[Ags1|” +
|)\g12|2|/\glg|2)1/2 (t-channel) as a function of m;,, from the search for ee—7p/u7 by OPAL in
the range 200 GeV <,/s<209 GeV.

the bounds, since there would be a series of potential resonances. However, there has been
no experimental analysis by the OPAL collaboration below /s = 189 GeV, and there is less
integrated luminosity between /s = 189 GeV and /s = 200 GeV to the extent that the bounds
are a factor of 3 less tight. Hence such bounds would be almost entirely covered by the bounds
obtained in this chapter.
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Chapter 5

Signals of R—Parity—Violating
Supersymmetry at Present
Lepton Colliders Through Single
b Quark Production

This chapter is based on the work published in reference [2], updated with results from chapter 3.
Since reference [1] had not been published at the time of writing reference [2], reference [2] uses
the previously published bounds, from the examinations of bounds from B meson decays by
Saha and Kundu [60] and by Xu, Wang and Yang [68] which utilized decay data from the
Particle Data Group in 2000, and from BaBar, Belle, CDF and the Particle Data Group as well
(but from 2006), respectively, and from analysis by Barbier et al. [26] of data from the search
for atomic parity violation in caesium [73]. The results were also calculated using the results of
chapter 3, but were not included in reference [2]. Both sets of results, using references [26], [68]
and [73], and using chapter 3 respectively, are presented here. This chapter investigates the
potential signal of single B meson production at electron—positron colliders with energies in
the range 6 to 20 GeV, with special attention given to the case of a center—of-mass energy
of 10.58 GeV, at which BaBar and Belle currently run. The lower limit is chosen as slightly
above the threshold for creating a BK meson pair, and the upper limit is arbitrarily chosen,
as for energies very much greater than mp accurately identifying single B meson production is
unfeasible.

5.1 Signal

The Standard Model predicts quark flavor violation through CKM mixing, but the cross—
sections for eé—b3 or bd are extremely small. Detection of flavor violation in significant excess
to the Standard Model prediction would be an exciting signal of new physics.

As described in section 2.4.3, quark flavor violation can be mediated at tree-level by
sfermions. A non-zero A and X combination allows single b quark production along with a
light down-type anti-quark through the Feynman diagrams shown in figure 5.1.

5.1.1 Single b Quark Production With A High—Energy Photon

As is discussed in section 5.2, the production of a single B meson — light meson pair is not
necessarily a clean signal. Hence the cases of an additional final-state photon for the single
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Figure 5.1: Sneutrino— and squark—mediated single b quark production diagrams.
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Figure 5.2: Sneutrino—mediated diagrams for single b quark production with a final state photon.

b quark signals are also considered, which may prove to be a cleaner signal as the energy of
the B meson does not have to be measured — for a sufficiently energetic photon, BB pair
production is kinematically excluded, in analogy to using radiative return to measure hadronic
cross—sections for lower energies than those at which an experiment runs [74]. The Feynman
diagrams are shown in figures 5.2 and 5.3. Diagrams where the photon is emitted by the virtual
squark have matrix elements suppressed by another power of order s/m%gL, hence they are
neglected.

5.1.2 Analytic Expressions

Once more, the sfermion propagators are approximated as —i/m?2, and the convention that

only either the squark-mediated process or the sneutrino-mediated process dominates is also
adopted.
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Figure 5.3: Squark-mediated diagrams for single b quark production with a final state photon.

Matrix Elements

The matrix elements for the processes shown in figure 5.1 are given by:

iMy = (b,5/d|T ([ex(—i)(Njir PLisr + Njgiip, Pr)ei]
X [dn (=) (N tmn PLir, + N g PrUGL)dim]) |€, €)
= 0(pe)(=iAgu Pr)u(pe) <m_TZ> w(py) (=N g23 PL)v(ps)
+0(pe) (—iAg11 Pr)u(pe) <m_TZ> t(py) (—iN 32 Pr)v(ps) (5.1)

l~/gL
for the s—channel sneutrino graph, or

’L./\/lbﬁs = <b7E/J‘T([i/\/ijnJRneLiﬁjL][i)\/ztmédemRﬂrL])|€7é>

= 0(pe)(iX149Pr)u(pe) (m_zz )U(pb)(i)\'mPL)U(Ps) (5.2)

ﬁgL

for the t—channel up-type-squark graph. The matrix elements for down anti-quarks in the final
state instead of strange anti-quarks are the same but with pg instead of ps; and either X g3
instead of X 423 or X141 instead of X'qg42.

The matrix elements for the processes with a final-state photon, shown in figures 5.2 and 5.3,
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are given by:
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for the sneutrino—mediated graph, or
iMZT = (b,5/d|T ([iNijndrnerityL)[iN pmersdm i)

< ([-ea(— V70 o] - [y (VT70) ) ) e,

i — ¥, +me)

m (—i(—Vamra)y*e: )

TH

= (o) [ (31072
I (%i(_\/mhuei;u) w(i/\/lgﬁpl/)] u(pe)

. (Po +py)% —m
X (== )0(pe) (iN'} 42 Pr)v(ps)

Ug L,

+ﬂ(pb)(i)\/193PL)u(pe)(m2 )

gL

Py — Pz +me)

(p'v - pé)2 — mg (i/\/IQQPR)

<o(pe) [(—i(— Tra)ye:,)

b Xy ) (P T ) (Fvamanre,)|ve)  6a)

(=ps —py)? —m3 \ 3
for the up—type—squark—mediated graph.

Cross—Sections

Squaring the matrix elements, summing over final spins, averaging over initial spins, summing
over the b and b final states (so any subscript with a b in the following equations in this section
refers to either, and likewise a s or d subscript refers to either the quark or anti—quark, such that
in total there is one quark and one anti—quark) and allowing only for one of the two R—parity
violating processes to dominate leads to the differential cross—sections for the processes shown
in figure 5.1:

bs 2 2 2 2
do lpo| 3 ([Ag11]"[N gas|™ + [Ag11 ][N ga2|”)
(m> = ™ 12871'25(8 —2m?)(s — mi — m?)~~ g 1 g g (5.5)

179L

for the sneutrino exchange process, and

bs 9 5
do = |pb| 3 2 2 2 2 |Xlg2| |X193|
(E)ﬂ = | 128725 (e T me)(E s mme) T >0

for the squark exchange process. Here pj is the three-dimensional momentum of the b quark.
The case of a final-state down quark can be obtained by the appropriate changes of indices
(i.e. replacing 2 by 1 in the coupling indices and s by d in the mass indices). The limits used
on these combinations of couplings from experimental data are given in table 5.1.

For the processes shown in figures 5.2 and 5.3, summing over the b and b final states and
allowing only for one of the two R—parity violating processes to dominate, the cross—sections

are given by:
> q > q > dpy (2m)46W (pe + pe — Py — ps —py) 1 2
bsy _ Pb Ps P~ Pe mPe —Pb — Ps — Py - ’ bsy 5.7
& /_oo<2w>3/ / 2 \M7| ) BT
2
> (5.8)

oo (2m)3 J_ o (27)3 (2E)(2E)(2E,)

for the sneutrino exchange process, and

st:/oo dpe /oo dps /oo dpy (2m)*6W (pe +pe —pyp —ps —py) 1 ‘M’Z”
b —o0 (27)% oo (27)% ) oo (27)° (2Ep)(2E5)(2E5) 2s \I" "
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for the squark exchange process. Angle brackets denote averaging over initial spins and summing
over final spins. Again, in equations (5.7), (5.8), (5.9) and (5.10), the case of a final-state down
quark can be obtained by the appropriate changes of indices (i.e. replacing 2 by 1 in the coupling
indices and s by d in the mass and momenta indices).

The squared matrix elements are given by:

(e

-

8mar (IAgua|*|N gasl” + [Agu1 [*| N ga2l*) ( 1
3 mégL (pe'p~) (oD
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1
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56



and
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(5.10)

where the y—matrix algebra was performed with FORM [75], as were the sums over Lorentz

indices. These expressions were integrated using Monte—Carlo methods, utilizing the changes of

variables detailed in appendix E. The matrix element was checked to satisfy the Ward identity
that replacing the photon polarization vector in the matrix element with the photon momentum

gives zero.
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Published before [1] (= PP) From chapter 3 (= TT)
Coupling Bound in GeV~* Process Bound in GeV~*
(|Ag%1|2|xg%3|2 2.9%x10718 BY—ee [26] 6.1x10~1 (Corr.(<))
HAga [N gai [F)m5
(IAgy |2|Xg%3|2 5.9x10718 GeV~* | BY—ee [68] (Unimp.)
HAgu1 "N gaz|Ymz ),
Nigi* [N gslPmz® | 2.9x10713 APV in Cs [73], (Unimp.)
Abg [26]
Nigal*[Nigsl*mz? | 2.2x10717 BY—Kee [68] (Unimp.)

Table 5.1: Used bounds on coupling combinations. The atomic parity violation bound on

2 o . . . . 2

[N 1g1] mﬁi is combined with the constraint on |\'i43]|"m; 2L from the forward-backward
g
4

asymmetry of bb pair production to bound |)\'191|2|)\'193|2m5gL
are only given in the cases where it makes a difference.

. The bounds from chapter 3

Channel | Using [26], [68] and [73] (PP) | Using chapter 3 (TT)
bd via v 3.4 x107% b 2.8 x107° fb

bs via v 6.2 x107% fb 6.2 x107% fb

bd via u 0.13 fb 0.13 fb

bs via u 1.0 x1075 fb 1.0 x1075 fb

Table 5.2: The cross-sections for eé—b5/sb/bd/db at /s = 10.58 GeV.

5.1.3 Numerical Results

The cross—sections for the processes with and without the final-state photon are presented in
figure 5.4 and figure 5.5, with the numerical values for /s = 10.58 GeV given in tables 5.2
and 5.3. The values used for the couplings are shown in table 5.1.

In order to exclude the possibility that it was emitted through the radiative decay of a B
meson, the phase space of the photon is restricted. Since there is an upper bound Eax to the
energy that the radiated photon can have for a B meson with a given momentum in the beam
center—of-momentum frame, the photon is restricted to have 10% or more energy above this
Emax for a B meson with half the beam energy. In this case,

1 / 1 /
E’ymax = §(EB + E% - sz) = Z(\/g +4/5— 4m23) (511)

In doing this, the background of misidentified BB pair production is eliminated. The signal for
the final-state photon case begins at 10.56 GeV as below this it is kinematically impossible to
produce a BB pair, hence the advantage of the additional photon is non-existent, while still
suffering from the « suppression of the signal. The restriction on the photon energy cuts out
much of the phase space, and cuts out more as /s increases, until around /s = 13.8 GeV,
where the entire phase space is excluded. Unfortunately, even in the best case, close to the
special value /s = 10.58 GeV, the best signal is less than 0.1 ab.
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Figure 5.4: Cross-sections for eé—bd/db/bdy/dby through R-parity violation and the SM
background for eé—bd/db. (PP denotes results calculated using the bounds “previously
published”, i.e. appearing in publications before reference [1], and TT denotes results calculated
using the bounds from chapter 3 in this thesis.)

5.1.4 Experimental Signature

The calculated signals have on-shell single quarks in the final state. The process of
hadronization is not well understood, but since /s > Aqcp it is assumed that the scattering
amplitude for the sum of all possible ee—BM is the same as for ee—bg, where M is a light
(bottomless) meson which has anti-quark constituent g. In this scheme, the production of a bd
pair leads to an on-shell neutral pair with an unflavored light meson (Byw°, By, Ban', Bjjp or
Bjw) 43.5% of the time and to a charged pair with an unflavored light meson (B; 7", B~ p™)
43.5% of the time, according to the Lund string model [76]. The remaining 13% consist of
the channels where the light meson is strange (B,K and B*K*). Since the Lund string model
represents the QCD force between the quarks as a string with energy density of about 0.2 GeV?,
the kinetic energy available (in the center—of-momentum frame) to the bare quarks of roughly
6 GeV is far in excess of this, leading to a naive guess that complications from the bottom and
light quarks forming an interim bound state are negligible.
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Figure 5.5: Cross-sections for eé—b5/sb/bsy/sby through R-parity violation and the SM
background for ee—b3/sb. (PP denotes results calculated using the bounds published previous
to reference [1], and TT denotes results calculated using the bounds from chapter 3 in this
thesis.)

5.2 Backgrounds

Three sources of background to the signal are identified: direct SM eé— BM , misidentified BB
pair production, and R—parity conserving MSSM ee—bs or bd.

5.2.1 Standard Model Background

As mentioned in section 5.1, there is a Standard Model background to the processes eé—bs, bd.
However, its leading order contribution is at one-loop level and doubly Cabibbo suppressed.
Ignoring Feynman diagrams with an electron—Higgs Yukawa coupling, there are five classes of
diagrams, shown in figure 5.6 (in these diagrams the photon may be replaced by a Z boson,
though this suppresses the matrix element by a further factor of s/m%).

Using FeynArts [77] and FORMCalc [78], which utilize FORM [75] and LoopTools [78], and
continuing to use the assumed quark-hadron duality, the cross—sections obtained are presented
in figure 5.4 and figure 5.5, with the numerical values for /s = 10.58 GeV given in table 5.4.

Considering the two-particle final states, the SM background is completely negligible
compared to the squark-mediated signal for bd production. However, it is within an order
of magnitude of the other three potential signals (sneutrino-mediated bd production, squark—
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Channel | Using [26], [68] and [73] (PP) | Using chapter 3 (TT)
bdy via 7 | 1.6x1079 fb 3.9x1010 fh

bsy via 7 | 2.9x10~° fb 2.9%10~9 fb

bdy via @ | 5.7x1075 fb 5.7x107° fb

bsy viaw | 4.3x107° fb 4.3x107Y fb

Table 5.3: The cross-sections for eé—bsy/sby/bdy/dby at \/s = 10.58 GeV.

v

W+ §/(i

5/d

Figure 5.6: SM background single b production.

and sneutrino-mediated bs production). Unfortunately, detecting such cross—sections of 10~* fb
is well beyond the reach of current colliders.

There are related processes, where four quarks are created in the hard process. They can
then hadronize into two mesons, either a charged pair or a neutral pair. The diagrams for the
production of a charged pair are those in figure 5.7. Those for the production of a neutral pair
are the same as for the charged pair, but with the down-type quarks combining to form a B°
and the up—types combining to form a light neutral meson.

Generally, it is expected that the hard matrix element for the creation of four quarks is of a
similar size or less than the two—quark case. Even ignoring the suppression of the wavefunction
overlap of these four quarks with the two—meson final state, one can therefore safely neglect
this Standard Model background as well.

5.2.2 False Signal From BB Pair Production

Misidentification of B mesons is an extremely important concern. The RPV signal must not
be confused with that of a bb pair production with one unidentified b quark. Simply looking for
events that contain only a single tagged bottom quark is (quantitatively) not feasible. Hence,
kinematics are used to get rid of bb events. The direct production of a B meson and a light
meson of mass mjys leads to, in the beam center—of-momentum frame, the B meson taking a
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bd in SM | 7.3x10% fb
bsin SM | 1.8x10~% fb

Table 5.4: SM background cross-sections for eé—bs/sb/bd/db at /s = 10.58 GeV.

Figure 5.7: Four—quark SM single B meson production.

fraction (s+m% —m3,)/(2s) of the center—of-momentum energy /s. For the squark-mediated
bd signal with /s = 10.58 GeV, the B meson will have energy between 6.56 GeV (where the
light meson is an 7’) to 6.61 GeV (where the light meson is a 7°). This is to be compared to
the case of BB production, where both have energy 5.29 GeV.

High-Energy BB Pair Production From Beam Energy Spread

The high-energy tail of the electron—positron beam can create bb pairs with enough energy that
the resulting B mesons could present a false signal by both having the energy that a singly—
produced B meson would have (around 6.6 GeV for /s = 10.58 GeV), and one could decay into
a high—energy light meson, with the radiated photon or particle missing the detector. BaBar
produces 1.1x 108 bb pairs per fb~!, and has over 350 fb~! of integrated luminosity recorded [79)].
This gives 385 million bb pairs. The beam energy spread is expected to be of the order of 5 MeV,
estimated from the beam spread from 4.63 to 4.83 MeV on the T(45) resonance [80]. For the
false signal described, the BB-pair is required to have 2.6 GeV more than the mean beam
energy. This is over 400 standard deviations away, if is it assumed that the beam energy has
a Gaussian distribution. The expected number of events from this channel is then insignificant
(less than 107259).

Using the Y(4S5) resonance width of 20.7 MeV [80] as the spread, the cut is 125 standard
deviations away from the mean, which still leads to an expected number of events less than
107250, These brief estimates certainly allow one to neglect beam energy spread as a background
source for the RPV signal process.

This is also the source of any potential background to the case with an additional high—
energy photon. For the range of energies considered, the false signal background of a BB plus
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Figure 5.8: Example MSSM background diagrams: (a): flavor violation through SU(2)r; (b,
c): flavor violation through a mass insertion on the squark line. (b) is known as a pengluino
diagram.

a high—energy photon requires between 1 and 2 GeV more than the mean beam energy. This is
200 to 400 standard deviations over the mean, and hence the expected number of events is less
than 107259, The false signal background of a BB pair of sufficient energy that the radiative
decay of one of the mesons produces a photon that passes the cut is also less than 10~2Y events.

5.2.3 R-Parity Conserving MSSM Background

Any signal of flavor violation in significant excess of the SM prediction is an exciting signal
for new physics. However, the thrust of this work is that such a signal could come from
RPV couplings. Backgrounds from the R—parity conserving part of the MSSM arise from two
sources: flavor violation through SU(2), and through non—minimal squark mixing, i.e. general
soft SUSY breaking terms [81]. (Examples of both types are shown in figure 5.8.)

The diagrams for the former case are easily obtained by replacing the Standard Model
particles in SM background loop diagrams with their supersymmetric partners. The W boson
mass (mw>>mp) accounts for most of the suppression of the SM background. The charged
sparticle masses are constrained to be larger than myy. The structure of the amplitude is
similar, which means that one can expect the SUSY loops without a new flavor structure to
contribute below the level of the SM backgrounds. If the largest sparticle mass in the loop is
increased to three times the W boson mass, these SUSY backgrounds drop below 10% of the
already negligible Standard Model background rate. There are potential enhancements in the
large tan( region of the MSSM parameter space, but in the Higgs sector these destructively
interfere with the SM amplitude [82], while any other enhancements are constrained by b—d~y
to be at most close to the SM value.

The diagrams describing contributions from non—minimal flavor structure in squark sector
are obtained by “supersymmetrizing” the virtual particles in the loops in the one—loop
corrections to eé—bb (except for those diagrams without a virtual quark), and replacing the
external b with a d and the internal b with the mass eigenstate mixtures of b and d. These
contributions are not easy to calculate, as the most significant diagram, the “pengluino” (which
is shown in figure 5.8), is proportional to 04a56m§~ / mg, where 6m§~ is the difference in the squared
masses of the squarks (assuming that the gluino is more massive than the squarks, otherwise
replace the gluino mass with the mass of the more massive squark). This, at least for b—d
mixing, is not well constrained [83]. However, note that these diagrams would also contribute
to B—pry, which is tightly constrained.

Altogether, it is expected that the R—parity conserving part of the RPV MSSM contributes
to the background at a rate comparable to the Standard Model contribution at most.
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5.2.4 Detection Potential

So far, there have been no searches for single B meson production. Currently BaBar has almost
400 fb~1 of integrated luminosity [79] and Belle has almost 650 fb~! of data [84] available for
analyses. Ignoring detector effects the maximum signal rate for single b production allowed by
current bounds comes from ¢-channel squark exchange and could be as large as 100 events.

A null result, while disappointing, would still improve the bound on [X141[2|N143]?m; % A
95% confidence limit non—observation corresponds to 95% confidence that less than three events
occurred, leading to the deduction that the bound would be tightened by a factor of (expected
events)/2, hence for a 0.13 fb signal with 1 ab=! of luminosity, which is 130 events with perfect
detection efficiency, the bound on |11 |?|\ 143/?m;* would be tightened by a factor of 65.

As shown in section 5.2, the backgrounds to this process are negligible, which makes single
b production a promising search channel for R—parity violation.
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Chapter 6

Conclusions And Discussion

Summary In this thesis, the Standard Model of Particle Physics was outlined and the R-
parity violating Minimal Supersymmetric Standard Model was described. Using all published
rare decay data, bounds on combinations of many of the free parameters of the RPVMSSM were
obtained. Bounds on certain combinations of these free parameters were also calculated from
experimental data from high—energy electron—positron collisions, and compared to the bounds
from the rare decay data. Assuming that certain couplings were equal to their upper bound
from published literature and from the work in this thesis, a potential signal of the RPVMSSM
at current electron—positron colliders was calculated, along with its background, and found to
be viable.

Bounds From Rare Decays All flavor-violating decay modes considered yield only upper
bounds on the combinations of the product of two couplings divided by the square of a sfermion
mass. In general, assuming a sferion mass of 100 GeV, these bounds are still larger than the
magnitude of the product of any two of almost all the Yukawa couplings in the Standard Model.
The work published in reference [1] and presented in chapter 3 updates many of those bounds
previously published, and in some cases bounds on combinations previously unbounded were
obtained.

Bounds From Leptonic Collider Experiments It was found that the OPAL bounds on
LFV in electron—positron collisions are not, except in the extreme circumstances of the sneutrino
mass lying very close to the beam center—of-momentum energy along with a very narrow decay
width, tighter than the same bounds from the purely leptonic decays of 7 leptons and muons.

Potential Signal at Present Lepton Colliders As shown in chapter 5, high—luminosity
electron—positron colliders have the potential to discover quark flavor violation in excess of SM
predictions, should the RPV couplings be close to their current bounds.

Outlook

Future Lepton Colliders The large energy reach coupled with the simple initial state of
electron—positron collisions makes the ILC an ideal tool for measurements of parameters at high
energies. The ILC is also the ideal tool for probing single sparticle production through RPV
couplings [85, 86, 87], and should pair—production of sparticles through R,—conserving processes
be viable, a very clean environment for studying sparticle decay through RPV couplings [88].
A muon—anti-muon collider would be a very interesting prospect for high—energy physics,
since it combines the advantages of an electron—positron collider with the potential for much
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Figure 6.1: Feynman diagram of an example gluino decay chain in the RPVMSSM.

higher energies, due to the muon mass being very much greater than the electron mass. Such a
collider would be able to probe different configurations of indices on RPV couplings [89], which
may be of more interest because of the mystery of three generations.

Present and Future Hadron Colliders Hadron colliders offer collisions at much higher
energies than electron—positron colliders, at the cost of poorly—known initial states and
extremely complicated final states. Since the vast majority of the collisions are gluon—gluon,
especially at the LHC, direct single sfermion production through RPV couplings would be
very hard to measure, because gluons do not have any direct RPV couplings. However, the
cross—sections for producing single sparticles are calculable and potentially significant [90].

LSP Decays If SUSY is realized in Nature, at an energy scale accessible to LHC, then
the likely means of producing sparticles will be through SU(3)¢, because of the dominance
of gluons in the proton parton distribution function at that scale [91, 92] and because «s,
despite asymptotic freedom [93, 94], is still large. Therefore the most copiously produced
sparticles are probably going to be gluinos and squarks. These colorful sparticles must then
decay, either to the MSSM LSP, since the MSSM LSP is not colorful, or, since the LSP is not
stable in the RPVMSSM, through RPV couplings into stable SM particles. This decay could
possibly happen through a several-stage decay chain, such as shown in figure 6.1. However,
if the RPV couplings are very small, about 1078 [95], a neutral, colorless LSP could escape
the detector, which would render the RPVMSSM experimentally indistinguishable from the
MSSM. A particularly interesting RPVMSSM scenario is if the LSP is charged or colorful (for
example, in certain minimal supergravity—inspired models [96, 97]), yet still long-lived enough
to impact on the walls of the detector. Such particles would provide a very different signal to
typical MSSM signals [98, 99], and the cosmological bounds on charged or colorful LSPs are
less stringent if they decay (lifetimes for charged LSPs are bounded at about 10%s rather than
1s [100, 101, 102)).

Flavor Violation If the RPV couplings are over 10~° or so (depending on the details of
the model), then the production and decay vertices of sparticles will be within lcm of each
other [26]. In this case, the effects of R,—violation will be felt through virtual effects. In
particular, the flavor—violating aspect of the RPV couplings could come into play, especially
those which are unconstrained by rare-decay data (through kinematic restrictions). However,
quark—flavor violation is unlikely to be measurable at LHC, with the potential exception of
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Figure 6.2: Example Feynman diagram for lepton flavor violation at the LHC in the RPVMSSM.

single top production [103] or single stop production [104] (if the process is mediated through
very off—shell particles; the quark—flavor—violating decays of a neutralino through non—zero \”
couplings can be distinguishable [105]). Lepton-flavor violation is a lot easier to detect, and
has a significant potential signal [106]!, while having a negligible SM and MSSM backgrounds
if no missing transverse momentum is imposed.

Viability Of The R—Parity Violating Minimal Supersymmetric Standard Model
One may ask whether the bounds on the couplings rule out the RPVMSSM in any sense. In
this thesis, no attempt to bound the bilinear p/; couplings was made. The work focused solely
on the trilinear couplings. It was found that the majority of the bounds are still no larger than
the Yukawa couplings in the Standard Model. Several couplings still remain unbounded.

One may always claim that the couplings are just below their experimental bounds. However,
one of the motivations for considering the RPVMSSM is the fact that it provides mechanisms
for neutrino mass. There are rough lower bounds on the trilinear couplings through their
contribution to neutrino masses. There are still many combinations that contribute, and there
may be many cancellations. Yet if one were to consider just the contribution to a muon—neutrino
due to a 7 — stau loop, one would conclude that

Nags|*/m?2, ~ (47)*m,,, /(utan (B)m3) (6.1)

from rearranging equation (2.14). Assuming that p~msz, ~ 100 GeV, tanf = 30, and that
my, ~ 0.3 eV, this approximates to, using the notation of chapter 3,

|A2ss|” &~ 1075(ms, /100 GeV)? (6.2)

which is still an order of magnitude below the bounds in table 3.4, noting of course that there
is no direct comparison of couplings combined with sfermion mass.

If a top—stop loop is considered, the relevant combined couplings should be of the order of
107?(m;, /100 GeV)?. For the electron-selectron loop, the couplings need to be of the order of
1 for 100 GeV sfermion masses. This does not imply that the RPVMSSM is not viable — it
is quite acceptable for the couplings to be within their bounds and the neutrino masses to be
dominated by the contributions from the heavy generations.

Considering these estimates, the RPVMSSM is still a viable model.

1However, the signal presented in reference [106] is incorrect, since, while each individual parameter taken
as input is below its current bounds, the combination of A312, A’'311 and my for example grossly violates the
bounds from p—e conversion in 48Ti [67] (by between three and five orders of magnitude, depending on the
sneutrino mass).

67



Concluding Remarks There are many bounds on RPV couplings, but they all depend on
sfermion masses. Should any one sfermion have a particularly high mass, say of the order of
10 TeV, then the bounds associated with that coupling are not very strong. If supersymmetric
partners of SM particles are discovered, and their masses determined, a lot more may be said
about the RPV couplings.

There are many high—precision experiments looking at the rare decays of particles (CLEO—c,
BaBar, Belle, to name but a few). If their data increase by an order of magnitude, there is the
exciting possibility of detection of flavor violation as predicted by the RPVMSSM, should the
RPYV couplings be close to the magnitude of the Yukawa couplings, other than the top—Higgs
coupling, in the SM.

The prospect of the discovery of supersymmetry at the LHC brings with it the potential for
many interesting signals of R,—violation, which would lead to a better understanding of Nature.

68



Appendix A

Conventions

This is a reference for the conventions that are used in the thesis, with notes on how to convert
these conventions into others.

A.1 Units

In this thesis, the speed of light in a vacuum, ¢, is defined to be 1. Planck’s constant, #,
is also defined to be 1. Hence all quantities may be given in units of energy or some power
(including inverse powers), or are dimensionless (i.e. have units of energy to the zeroth power).
In particular, displacements in both time and space have units of inverse energy, while spatial
momenta have units of energy. Mass has units of energy.

In particular, Giga—electron—Volts (GeV) are used as units of energy. These may be
converted to femtometres (fm) using table A.1.

A.2 Spacetime

Coordinates are denoted by the contravariant vector x*, where here p is a Lorentz index, and
runs from 0 to 3. The time component is z¥, and the three spatial components are x', 22 and
x3. The covariant vector z,, is defined as 7, z".

Unless otherwise stated, “momentum” means the four-component energy—momentum
vector, where the zeroth component is the energy and the three spatial components are the
three-dimensional momentum, e.g. for a momentum p, p° is the energy and p’ is the component
of momentum in the direction of the spatial basis vector ¢ where i runs from 1 to 3. The spatial
momentum as a three—component vector is denoted by p. A subscript denotes which particle
has the momentum, e.g. a particle X has momentum px. The energy of a particle X is often
denoted Ex.

[ _dp denotes the integral over three variables [~ dp' [~ dp® [ dp®.

A.2.1 Metric

The form of the flat—space Minkowski metric used is (+, —, —, —), i.e.:
+1 0 0 0
0o -1 0 0
=10 0 -1 0 (A1)
0o 0 0 -1
nuv



1GeVe2 = 1.783x107% kg = 1.074 atomic mass units
1GeVthe = 1.973x107m = 0.1973fm
1 GeV=2 h?c?> = 3.894x1072 m? = 3.894 x10' fb

Table A.1: Conversions between units.

as is common in quantum field theory textbooks [107, 108, 109, 110, 111]. This leads to a
Klein—Gordon equation of the form

(0,0" +m?)¢ =0 (A.2)
for a field ¢, and a Dirac equation of the form
(i —m)y =0 (A.3)

for a spinor field 1, where Feynman “slashed” notation has been used. The “slash” indicates
the dot product of a vector with the v matrices of the Clifford algebra (see appendix B), e.g.:

P =" 1up” (A.4)
" o o
D= 10 =y = =" 5 = "0, (A.5)

v

A.2.2 Spinors

The normalization of spinors used is consistent with references [108] and [107], in which the
spinors are normalized such that for a four-component spinor u(p) with momentum p,

a® (p)u’ (p) = 2ms*? (A.6)

where o and (3 are spin indices. (This is in part dependent on using the (+, —, —, —) metric.)
When summed over spins, this leads to

> ut(p)a’ (p) = (# +m)*’ (A7)

and

> vt (@) () = @ — m)*” (A.8)

spins

for anti—particle spinors v(p). The particle density is then 1/(2E) for both fermions and bosons.

A.2.3 Polarization Vectors

The polarization vectors e(?# used are normalized to —1, so that
Ze(i)#*e(i)u = (A.9)

for massless particles or
. ] MV
S emeei — vy w'r") u ) (A.10)
f p
for massive particles, where p is the momentum of the particle, 4 and v are Lorentz indices,
and ¢ labels the different polarization vectors.
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A.3 Supersymmetry

The conventions followed are those laid out in reference [112], rather than in reference [113],
which uses the (—, 4, +, +) metric and different normalizations.

The fermionic coordinates are denoted by 6, which are two—component (Weyl) spinors with
complex Grassman (i.e. anticommuting) components, while the bosonic commuting coordinates
continue to be denoted by real scalars z*.

A.3.1 Indices

Whether the index denoting a fermionic component is raised or lowered is important: 6'=£6;.
Instead, the rank two antisymmetric tensor €,3 lowers raised fermionic indices and €*? raises
them.

The convention adopted is that

(0 o+
eag—< 1 0 )aﬁ (A.11)

and that € = —¢,p, in line with the convention that €;o = +1 (in section A.4).

By default, spinors have undotted indices and their complex conjugates have dotted indices,
e.g. Xo and its complex conjugate xs. Complex conjugation for a Weyl spinor is denoted by a
bar over the letter, and does not mean the same as the operation denoted by a bar on a Dirac
spinor, as discussed in section B.1.

Also, if indices are omitted, the convention is that pairs of adjacent spinors without indices
are dot—products defined by

VX =V Yo = —Xa¥® = —€apX V™ = egaX" ™ = XPp = x¢ (A12)

Similarly
DX = YaX® = =X = —edﬁx{;&d = eﬁd)‘(gi/_)a = fcgi/;g =Xy (A.13)
and that the o* have a lower undotted index then a lower dotted index, so
Yoly = waagggﬁ (A.14)
Similarly the ¢# have an upper dotted index then an upper undotted index, so
XoHY = Xa0" P g (A.15)
This leads to
Yoty = 1/)%756-)_(6 = —)26056-1/10‘ = —egﬁ)zﬁagﬁ-eaéwg = )_(»‘},G;YBO'ZZGQ(S’(/}(; =—xa"y  (A.16)
because

EWUSZEO“S = gh¥o (A.17)

A.3.2 Superfields

When the SM field is denoted by a lowercase letter (e.g. u for an up quark) it is common
for the superfield to be denoted by the uppercase version (e.g. U for the superfield which has
the up quark as its fermionic component). However, this can cause confusion in some cases
(e.g. uppercase t and uppercase 7 are identical in most fonts), and the electroweak bosons are
denoted in the SM by uppercase letters already. Also, while the Higgs field is often denoted
by ¢ in the SM, the notation of H, 4 does not follow the rule, and there is the potentially
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confusing notation that H, and H,; denote the superfields (though in some older literature they
are denoted H; and Hy or even S and T), while H* denote the charged bosons remaining
after the Goldstone bosons are absorbed into the massive vector bosons and H denotes the
heavier neutral boson. As mentioned in section 2.1, in this thesis an accent is used to denote
the superfields, e.g. 7, denotes the superfield which contains the SM electron—neutrino, while
Ve is reserved exclusively to represent the electron—neutrino fermion field.

Matter superfields are all “left—chiral”, i.e.:

Datp(x,0,0) =0 (A.18)

for a chiral superfield 1/?(:1:, 6,0) (adopting the convention that its defining field is its fermion,
1, hence 1 is the bosonic component), where the fermionic derivative Dy is defined as

- 0
Dy = a5 T i0° 0%, (A.19)
Changing variables to y* = z* — ifc"0 leads to

_ 0
Dy, o= "9 (A.20)

Hence

D(y,0) = P(y) + V200 (y) + 00F,(y) (A.21)

is the most general solution for a chiral superfield. Changing spacetime variables back to z*,
one obtains

U(x,0,0) = p(x) —i05"00,9(x) — %9(;“9’90"96”6,,&@) + V200 () — iv200"000,4(x)
— () + VB0 (x) + 00F, (x) — i, () + \/Lieoam(x)aﬂé - %95998“8#1/;(3:)
(A.22)

This means that the right—-handed SU(2)[, singlet electron field is represented by the charge
conjugate of the left-handed SU(2), singlet positron field. The superfields associated with
the SU(2) [, singlets have a superscript ¢, e.g. the left-handed SU(2)y, singlet positron field is
denoted e}, and the Dirac spinor for the electron is given by

€r
e= — A.23
(@) A2
In ordinary SM terms, (%)’ would be denoted er. The subscript R in e denotes that its

antiparticle, which is the field which is combined into a Dirac spinor with the left-handed
chirality of the familiar SM field, is right—handed.

T

A.3.3 Number Of Supersymmetries

In this thesis, only one pair (the generator and its complex conjugate) of fermionic generators
for the supersymmetry are considered. This is referred to as N = 1 supersymmetry. For a
number of pairs of generators N > 1, there would be many more spin states — each fermionic
generator acting on a spin—0 boson would create a spin—1/2 fermion, but so would acting on it
with one fermionic generator, then a different fermionic generator, then the conjugate of a third
different fermionic generator. A problem with attempting to build models of Nature with NV > 1
supersymmetries is that there would have to be left— and right-handed chiralities transforming
in the same way for each gauge group, which is in opposition to the experimental fact of SU(2)y,
acting only on left-handed chiralities.
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A.4 Antisymmetric Tensors And v Matrices

A.4.1 Antisymmetric Tensors

For the completely antisymmetric tensor of rank n, €njasas..a,, the property that it is
antisymmetric under the interchange of any two of its indices is enough to define it completely,
up to an overall sign. The convention adopted in this thesis is such that

€123.n = +1 (A.24)

and indices are raised and lowered in the manner appropriate to the index (e.g. for Lorentz
indices, they are raised and lowered using the space—time metric, while for spinor indices, they
are raised and lowered by the rank two antisymmetric tensor).

A.4.2 ~ Matrices
The ~ matrices are those that satisfy the Clifford algebra, i.e.:

{'Y,ua'YV} = 2N daxa (A-25)

where Iy, 4 is the four-by—four identity matrix.

In this thesis, nothing in the main body depends on an explicit representation of the
~v matrices, but in the appendices it is most useful to adopt an explicit representation
when discussing spinors and supersymmetry. Hence the following representation, the Weyl
representation, of the v matrices is used, for u =0,1,2,3:

= ( Oz 0" ) (A.26)

ot Oaxo

where the four-by—four component v matrix is written in terms of blocks of two-by-two
component matrices. The entries of 0242 in the top-left and bottom-right are two—by—two
matrices with 0 for all components. The o matrices are defined as follows:

&0 ( - ) — oo (A.27)
P ((1) é) (A.28)
o’ = (? _OZ> (A.29)
- ( (1) _01 ) (A.30)

Hence oY is the two-by-two identity matrix, Izx2, and o® for i = 1,2, 3 are the Pauli matrices.
The ¢ matrices are defined as follows:

7 = o° (A.31)
gt = —o' (fori=1,2,3) (A.32)

Q
\

The matrix 7° is defined as follows:

0.1,.2.3__ * Le,uupa'

=iy = gq Cuvee YT = oo VYo Vo Yo (A.33)
and so, in the explicit representation used,
-1 0
b= %2 A.34
e G (A3
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A particularly useful identity is that
(7°)? = Iaxa (A.35)

The chiral projection operators Py, and Pgr are defined by:

1

P, = §(I4><4_'Y5) (A.36)
1

Pr = §(I4><4+’}/5) (A37)

Hence in the explicit representation used,

- Iryo  O2xo2 (A.38)
O2x2  Oax2

Pp = (02><2 02><2> (A.39)
O2x2  Iax2

A particular identity from this is that for example a left—-handed electron—neutrino vy and
a left-handed strange quark sy,

Vel SL, = Vi SLa = I/eLﬁEQﬁSLa = —VeLﬁeﬁo‘sLa = —iueLgc_TQaﬁsLa = Ve(—i)70”y2PLs (A.40)

A.5 Feynman Diagrams

All Feynman diagrams are drawn with initial-state particles on the left and final-state particles
on the right, rather than initial-state particles on the bottom and final-state particles on the
top.

A.6 Time—Ordering

The time-ordered product of the field creation/annihilation operators vy (z*) and 2 (z'") is
denoted by T(¢112). This means that

Uy (M) (/™) if 20 > 2'°
Vo (2 )y (a) if 20 < 2/°
(A.41)

T(prba) = (x°—a""Yor (2 Yo (') +0(2"* —20)po (a1 (2#) = {

where 0(z° — 2/°) is the Heaviside step function.
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Appendix B

Spinors And Fermionic Fields

For a more complete treatment of the properties of spinors and fermionic fields, see for example
the first chapter of reference [112] or the third chapter of reference [108], upon which most of
the material in this appendiz is based.

Fermionic fields are represented by creation and annihilation operators which are anticom-
muting objects, and these are arranged in two— or four—component spinors, and then the whole
object is often referred to as a spinor. In this appendix, the term is used to just refer to
the objects with a half-integer spin Lorentz transformation, while a spinor with complex
anticommuting operator elements is referred to as a fermionic field. However, both aspects
(Lorentz transformations and the anticommuting nature) of fermionic fields are discussed here,
as are the various types of spinor (Weyl, Dirac and Majorana).

All the following assumes four space—time dimensions. In different numbers of dimensions,
spinors have different numbers of components, and it is just a coincidence that in four space—
time dimensions spinors have four components. Also, it is not possible to decompose Dirac
spinors into Weyl spinors in an odd number of space-time dimensions.

B.1 Dirac Spinors

One can show that the object
1 )
—SH = — [y Y B.1
5 20" (B.1)
satisfies the Lie algebra for the Lorentz transformations (simply by plugging it into the
commutation relations and repeatedly using equation (A.25)). Using the Weyl representation

of the v matrices, the boost generators are

lag ¢ ol Oax2
-~ ; B.2
2 2 ( O2x2 —0' (B2)
where ¢ runs from 1 to 3. The rotation generators are
1 =t g ok 0y
i (¥ R ¥ X2
22 g < Ogx2  oF (B-3)

where 4, 7 and k run from 1 to 3.

A Dirac spinor is defined to be a four—-component object that transforms according to these
generators.

The bar operation on a Dirac spinor 1 is defined thus:

b =yTy° (B.4)
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and does not mean the same as it does for a Weyl spinor, where a bar over the letter denotes
complex conjugation. However, it leads conveniently to the following for a Dirac spinor 1,
where 7, and ¢ are Weyl spinors defined by equations (B.12) and (B.13):

wL)
= B.5
v (wR (B.5)
(G (YR, ¥rL) (B.6)
(Pr) = (Poy)'y? =T Py® = ¢iy P = 'l/iPR = 'l/jL (B.7)
(PrY) = (Pry)'2° =¢Ppy° =91y Pp =P = g (B.8)
The charge conjugate of a Dirac spinor ¢ is defined to be
4 = CgT (B.9)
where C' satisfies
CINrC = —4HT (B.10)
and can be chosen to be
C = —iy%y? (B.11)

B.2 Weyl Spinors

In the Weyl representation of the v matrices, one can see that the transformation generators
are block—diagonal. Using equations (A.38) and (A.39), one can define left— and right-handed
Weyl spinors, 11, and ¥ respectively, by

Y = Py (B.12)
Yr = Pgry (B.13)

where v is a Dirac spinor. Both chiralities transform in the same way under spatial rotations,
but have opposite transformations under boosts.
Using the identity
ot = —o25HT 5 (B.14)

one can show that 0%t} transforms as a right-handed spinor, and 029}, transforms as a left-
handed spinor.
In the limit of massless fermions, the Dirac equation (equation (A.3)) reduces to

i =0 (B.15)

which is equivalent to the decoupled equations
"o = 0 (B.16)
i0"0uYr = B.17)

B.3 Majorana Spinors

A Majorana spinor is defined to be a Dirac spinor that is equal to its charge conjugate. Given
a Weyl spinor ¥, one may construct a Majorana spinor

M __ 1/)Loc)
M = < 5 (B.18)
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B.4 Anticommutation

The Spin—Statistics Theorem [114] states that the creation and annihilation operators of integer
spin quantum fields satisfy commutation relations, while those of half-integer spin quantum
fields satisfy anticommutation relations. The Pauli exclusion principle is a consequence of this:
two electrons in the same quantum state would have to be created by identical operators, which
would then be expressible as the square of the creation operator acting on the vacuum state,
but since this operator anticommutes with itself, its square is zero identically.

B.5 Fierz Identities

Some Fierz identities were used, in equations (3.1) and (3.7). Actually, really only one Fierz
identity was used,
o -1 s
(0) () = D~ (00" 1) (XT,¥) (B.19)
o
This was used to re-write (el uf)(uek) and (djet )(ek dp), where the quark spinors are
dotted with lepton spinors, into forms where the quarks spinors are dotted with each other.

AL m i \(zk -n _lm —n\(sk = _i
(epup)(uter) = (ufey)(eag) = ZT(ULU#UL)(GIZU#SL)
I
1 —n—pu, m\(zk = _i
= 25(1%0 up')(e1ouer)
n
1 —n w, m\ sk 7
= Zg(u Pry*u™)(e" Pryue’)
N
1 .
= 3@ P (e Pue) (B.20)
I

and (writing the right-handed Weyl spinors d7 as 777"),

(dhep)(erdR) = (niep)(eLif)

—~

(no” i) (€1ouer)
(" Pyt ™) (@ Proyue’)
(nnT,y,uPRﬁmT)(ék,yMPLei)

(d"y* Prd™)(e"y, Pre’) (B.21)
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Appendix C

The SM Lagrangian Density And
Feynman Rules

C.1 Lagrangian Density

As mentioned in section 1.2.1, the Lagrangian density of the SM can be separated into four
pieces: the kinetic part, EEM, the scalar potential part, EIS)IC\)/{, the Yukawa part, E%ll\l/[k, and the
Yang-Mills part, L3M,;.

The notation for the fields which are fundamental representations of one or more of the gauge
groups is shown in table C.1, and their spins and gauge group transformations in table C.2.

Electroweak symmetry breaking mixes the gauge vector bosons of SU(2);, and U(1)y. It
is usual to denote the unmixed states as B* for the U(1)y vector boson and W{', Wi" and
W' for the SU(2)1, vector bosons. After electroweak symmetry breaking, the mixed states are
denoted W =1/ 5(W{'FiW}') (the (electrically) charged W bosons), Z* = cos (w )W —
sin (fw )B* (the Z boson, which is electrically neutral) and A" = sin(Ow )W4' + cos (0w )B*
(the photon, which is also electrically neutral). The weak mixing angle is denoted by Oy, and
gives the relation between the SU(2)r and U(1)y gauge couplings, in that the ratio of the
U(1)y gauge coupling to that of SU(2)r, is tan (6w ), and the gauge couplings are also related

to the electromagnetic coupling, (—v/4mwa), in that the SU(2); gauge coupling is (;n“(g:‘/o)‘).

(Conventionally + is used to denote photons, hence it is used in the Feynman diagrams and in
subscripts denoting quantities associated with the photon (its momentum, ply, polarization, e/,
etc.), but since v* already denotes the matrices of the Clifford algebra, A* is used to denote
the photon field.) The gluons are denoted by g/ ..

C.1.1 The Kinetic Part
The kinetic part is given by
Liin = i P; + (D §)(Dyuo) (C.1)

where the 1); are the fermions.
The D,, are covariant derivatives, which are different for each fermionic field depending on
their gauge-transformation properties.

(—Vira) g (—Vi4ra)
cos (Oy) " W sin (fw)

where t3" are the generators of SU(2) (and aw runs from 1 to 3), t&S are the generators of
SU(3) (and a¢ runs from 1 to 8) and gy, gqw and g¢ are such that:

D, =0, —iqy Wiaw t — 9o VAT Guactes (C.2)
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Field Symbol

Higgs doublet o= (ﬁ;)
Right-handed electron €1R = €R
Right-handed muon €2R = UR
Right-handed 7 lepton €3R = TR
Left—handed electron doublet Ly = (lijL

Left handed muon doublet Loy = (';L)
Left-handed 7 lepton doublet Lar, = (VT’LL)
Right-handed up quarks urr = uigd, uf ", uble

Right—handed charm quarks

U2r = Cr ", Cp )

red green

blue
CR

Right-handed top quarks

U3R:t

red sgreen blue
R > tR ’ tR

Right-handed down quarks dig = d%4, d5°", dhue
Right-handed strange quarks dop = sigd, s5°0, shiue
Right-handed bottom quarks dsr = bigd, 3", phue

red green blue

Left-handed up-down quark doublets | Qi1 = (33) - (Zﬁ) , (g;) , (gz)
red green blue

Left-handed charm—strange quark doublets | Q27 = (Zzi) = i) , (Zi) , ( Zi)

Left-handed top—bottom quark doublets

tr
br

green blue
o) (i)
) )

br

Table C.1: Notation for fields except gauge vector bosons.

gy is the hypercharge of the field upon which D, is acting, as given in table C.1;
gw is 1 for an SU(2)1 doublet and 0 for an SU(2), singlet; and
gc is 1 for an SU(3)¢ triplet and 0 for an SU(3)¢ singlet.
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So, for example, sum of the left— and right—handed electron terms is

EE}\I/][ ¢ 1€1R <Z&— Z(—l)wB> e1R

cos (Ow)
. (1) (=Vira) ,  (=Vi7a) aw
+ilq1g, <@_7’ (7) COS(@I/V) B_Z Sin(@w) Wath ) Lig
(. (Vi
= ép (z@— WB> eR
FFeser) (iaﬂ e (L;:VCY))B
VI W (- ) (e
+ sin (Qw) 2 ( (M +3i%) W >> <6L>
= e (z@— (—VAdra) (A— i:;((zl;vv)) Z)) Pre

Vi) (AN i Vel
e )0

(0
sin GW) W (A+ Z?If Gx‘:vv) €L
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T (it oot * aon(ia]) P i) 1))

+6L785;(9:1V)\/)_W1/6L + UELSEH drer) W o
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2 cos(fw)  sin(fw)

where gq. = —1 is the electric charge of the electron.

C.1.2 The Scalar Potential Part

The potential part of the Lagrangian density is just the potential energy density due to the
Higgs boson field.

noting that here u is the mass of the Higgs boson.

C.1.3 The Yukawa Part
The Yukawa part is given by

EYuk yjlkf;jL.qﬁ eLR — }/ﬁcQjL'd) drr =Y Z QjLaeabgbzukR + Hermitian conjugate (C.5)

colors

where a labels the components of the SU(2) doublets. The spontaneous breaking of
electroweak symmetry by the Higgs boson vacuum expectation value, v, leads to mass terms
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Field | Spin | Gauge Group Representation | U(1)y Hypercharge
SU(2)L SU3)e

@ 0 2 (doublet) 1 (singlet) £
€1R

€2R i 1 (singlet) 1 (singlet) -1
€3R
Lip
Loy, z 2 (doublet) 1 (singlet) St
L3y,

U1R

U2R % 1 (singlet) 3 (triplet) %2
U3R

dir

dar % 1 (singlet) 3 (triplet) %1
dsr
Q1L
Qo1 % 2 (doublet) 3 (triplet) %
Q3L

Table C.2: Spin and gauge group assignments for fields except gauge vector bosons.

for the charged leptons of lekv and for the down—type and up—type quarks of Yj‘iv and Yjv

respectively, and the diagonalization of these matrices leads to the CKM matrix [10, 11].

C.1.4 The Yang—Mills Part

The Yang—Mills part is given by

L

SM  _
Y-M —
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-1 v 1 v 1 v
Ttr(wa,F# ) — Ztr(FW,uVF[éLV ) — Ztr(ch,Fg )

(C.6)



where

B = Dk, DY) )
( cos(Ow ) )
—VAra)
Dy = o"— ( B* .
Y 0 cos (Ow) (C-8)
v i v
By = o Dy, DY (C9)
( sin(fw ) )
—VAra) aw
Dy, = ot —i S0 (6) Wi tw (C.10)
v i v
Dy, = O' —ivAmasgh tee (C.12)

C.1.5 Ghosts

The Faddeev—Popov [115] gauge—fixing of non—Abelian gauge groups introduces new fields which
serve to cancel the unphysical longitudinal and time-like polarizations of the gauge bosons, and
these particles are called “ghosts” because they are scalar particles that obey anticommutation
relations. They only couple to the gauge bosons, and they never appear in the external states.
These ghosts, labelled by c?, where a is an adjoint representation index, have a kinetic term, and
the gauge—fixing also introduces a dependence on an unphysical parameter £ which determines
the choice of gauge and does not appear in any final physical result. These additional terms
are given by

1
LM = 3T (0" 0ubab + 9O fuve)” — SE0uCOG, (C.13)
gauge fields

where fqp. is defined by
[ta;ts] = i fabcle (C.14)

for generators t, of the gauge group, with gauge bosons G%.

C.2 Feynman Rules

The Feynman rules are given for each particle having momentum p and mass m, and, if
applicable, Lorentz index pu.

C.2.1 External Lines

If quark bilinears are approximated to initial- or final-state mesons, then the mesons follow the
same rules as their spin would suggest, i.e. pseudoscalar mesons have the same rules as scalar
bosons (the difference between scalar and pseudoscalar not affecting the rules in this case) and
vector mesons have the same rules as vector bosons.

Spin 0

For every external scalar boson (initial- or final-state), there is a factor of 1.
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Spin 1/2

For every initial-state fermion, there is a factor of a Dirac spinor u(p).

For every initial-state anti—fermion, there is a factor of a Dirac spinor o(p).
For every final-state fermion, there is a factor of a Dirac spinor @(p).

For every final-state anti—fermion, there is a factor of a Dirac spinor v(p).

Spin 1

For every initial-state vector boson, there is a factor of e*.
For every final-state vector boson, there is a factor of e*#.

C.2.2 Internal Lines

There is a small imaginary part, i€, of the denominator of propagators, which serves to indicate
the direction around the poles in the propagator that the contour should be taken to get the
correct time-ordering of the fields.

Spin 0

For every internal boson, there is a factor of i/(p? — m? + ie).

Spin 1/2

For every internal fermion, there is a factor of i(p — m)~! = i(yp +m)/(p* — m? + ie), where
the momentum is taken to flow in the sense of the particle number. Additionally, there is a
Kronecker § in fundamental color indices for quarks. (In general there is a Kronecker d in gauge
indices for any gauged internal particle, but since SU(2)y, is broken (and also with a small index
range), it is usual to consider each state separately.)

Spin 1

For every internal massless vector boson, there is a factor of —in,,, / (p?+ie), using the Feynman
gauge. Additionally, there is a Kronecker § in adjoint color indices for gluons.

For massive vector bosons, there are two usual choices of gauge — the unitary gauge, where
three of the Higgs boson doublet degrees of freedom are “eaten” by the SU(2);, gauge bosons,
and the Feynman—"t Hooft gauge, where they are considered separately. The unitary gauge is
often the most convenient for tree—level diagrams, while the Feynman—"t Hooft gauge is often
more practical for loop diagrams.

In the unitary gauge, there is no propagator for the unphysical Higgs bosons, and the massive
vector boson propagator is i(—nu, + pup,/m?)/(p* — m? + ie).

In the Feynman—t Hooft gauge, the massive vector boson propagator is —i7,,, / (p®—m?+ie),
and all four of the Higgs boson degrees of freedom have the propagator i/(p* — m? + ie).

Ghosts

The ghost propagator is i/(p? + i€), with a Kronecker § in adjoint gauge indices.

C.2.3 Vertices

The Feynman rules for vertices can be read off the Lagrangian density. Terms with three or
four fields give rise to vertex rules involving those fields. A factor of a fermion field corresponds
to an incoming fermion or an outgoing anti-fermion, while the barred field corresponds to an
outgoing fermion or an incoming anti-fermion. A real bosonic field corresponds to either an
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Figure C.1: Feynman vertex rule for the coupling of an electron to a Z boson.

—iy/Amas fU (10 (g —p7)
+07 (k= q%)
+7e(p? = k7))

Figure C.2: Feynman vertex rule for the triple gluon vertex.

incoming or outgoing boson, while a complex bosonic field corresponds to an incoming boson
or an outgoing anti-boson, and its complex conjugate to an outgoing boson or an incoming
anti-boson. All the constants and vy—matrices are then the factor for the vertex in the matrix
element, with an additional factor of ¢ and potentially combinatorial factors from identical
particles to avoid double—counting.

For example, the term —(— \/47704)64’3((251“ ew)cos(ew) + qe EZEZVV‘;;)PL + qe EEEZVV‘;;PR)e leads

to the Feynman rule shown in figure C.1, i.e. the vertex brings a factor of
—i(=vAma)yu(( QSin(GWJSCOS(eW) + Qe sin(0w) )PL + ez;‘;((gz"v)) Pgr) to the matrix element.

cos(Ow)
Terms involving derivatives have a factor of p, for every i0,, acting on a field with momentum
p. Terms involving more than one of any individual field have to have all possible contractions
of the fields in the term in the Lagrangian density with the incoming and outgoing fields of
the vertex. An example with both these complications is the triple gluon vertex, shown in
figure C.2.

Starting with the final term from equation (C.6) and using equations (C.11) and (C.12),

-1 v -1 a a v v
Ttr(Fc;ng ) = Ttr((aﬂgwtc — Dy gaptd) (0" gy te: — 0" gl'tes))
abc v \4 471'0(52 a v rec
—VAras f b (f%gau)gfgc - 1 feabg ugb f dgucgud

(C.15)

For three incoming gluons to a vertex (which is the same as for any combination of the
gluons incoming or outgoing, except the momenta for outgoing gluons has the opposite sign)
denoted by g%, gf/ and g, with momenta p, ¢ and k respectively, there is a factor of
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i(_ V 47T04sfabc)(pu5aa’77ua5bb’77”ﬁ5cc’77” + pu5aa'77ua5bc'77“75cb'77"6
+qM5ab’ 771,55bc' 77”” 5011’ 771'0‘ + qMéab’ 771/6 5ba’77ua 500’ 771'7
+k,u5ac/77y’y5bb’ n#ﬁ 5ca’77ya + ky(sac/ny’y(sba’n#a 5cb/77yﬁ)

= —ivATa oV (P (g7 = p7) + 0 (k= ) + (= KF))

(C.16)

where the first term on the left-hand side comes from taking g3 with the first field, ¢4, in
the second term, —v/4ma, f*°°(dgan)gh 9%, on the right hand side of equation (C.15), gf, with
the second, ¢i', and ¢/, with the third, ¢g¥, and the second term comes from taking g% with the
first field, 9,9ar, g, with the second, g}/, and gg, with the third, and so on. The terms on the

right—hand side come from performing the sums over indices and using the antisymmetry of the
structure functions.
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Appendix D

Obtaining Feynman Rules From
Supersymmetric Lagrangian
Densities

D.1 Integrating Over Fermionic Coordinates

In supersymmetric theories, the Lagrangian density is extended from being a function of the
space—time coordinates z* to being a function of the bosonic space-time coordinates z* and
of fermionic coordinates 6 and 6, where # is a Weyl spinor with complex anticommuting
components. Hence the action is the integral of the Lagrangian density over both the bosonic
and fermionic coordinates. Performing the integration over the fermionic coordinates also
happens to pick out the terms of the Lagrangian density which transform as total derivatives
(with respect to the bosonic coordinates) under supersymmetry transformations.
Integration over the fermionic coordinates is defined such that

/d@” = 0 (D.1)
/déd =0 (D.2)

/deaoﬁ = ¢ (D.3)

/dédt% = 045 (D.4)
Defining

2 -1 o

d*0 = Tde dé, (D.5)

d?0 = _Tldéddéd (D.6)
then



and the integral of the Lagrangian density over the fermionic coordinates is
/ d20d%0.L = (L]0 (D.9)

where [£] 554, denotes the coefficient of 909 in L. (Likewise [W],, denotes the coefficient of 66
in W.)

D.2 Superpotentials

Since the product of left—chiral superfields is itself a left—chiral superfield, one can denote any
sum of products of left—chiral superfields as a superpotential, and make the convention that
there is a —function on the barred fermionic coordinates along with the superpotential in the
Lagrangian density, and also that the Lagrangian density contains the Hermitian conjugate of
the superpotential with a d—function on the unbarred fermionic coordinates. In effect, one can
just take the coefficients of 60 from the superpotential along with their Hermitian conjugates
as the terms in the Lagrangian remaining after integrating over fermionic coordinates. The
coefficients of 86 are known as F—terms.

The most generic renormalizable superpotential involving only chiral superfields is given in
equation (D.10).

v 1 v v 1 UV
Wgcncral = fﬂ/’z + §mm1/)11/}j + gAijkd}id}jwk (DlO)
However, the tadpole term fﬂZi can be absorbed into a linear shift in the superfields, except
in models with F—term supersymmetry breaking such as the O’Raifeartaigh model [116], where

the vacuum expectation value for an auxiliary field arises as a consequence of this term. Hence
consider

1 Ve 1 VIR
Who tadpole = §mij7/}i1/)j + g)\ijm/)ﬂ/)ﬂ/fk (D.11)

Using equation (A.22),
~ 1 - _
[(Who tadpolelgg = MijiFyj — §miﬂ/fﬂ/fj + XijpVivi Fypr — Nijpbitj v (D.12)

In more detail, the factor of /2 for the fermionic part in the definition of a chiral superfield
allows one to read off the Yukawa part of a trilinear superpotential, since

\/ioawaa\/ioﬁwbﬁijc = _212)69&9&1/)(1041/}17[1 = (2) (%) 1/;c€°‘ﬁ9’y9»ﬂ/)aa1/)b5

= _cheaﬁd)bﬁd)aae’yew = —1/~Jc1/)?1/)aa9797
= —7/)2‘7/%041/%:9797
(D.13)

so the vertex factor for the Yukawa coupling is just —:¢ times the trilinear coeflicient in the
superpotential, with the appropriate left— or right—-handed projection operator.

If the kinetic part of the Lagrangian density is given by a D-term of the form of
equation (D.18), then the equations of motion allow one to eliminate the auxiliary fields F; in
favor of the bosonic fields v;, since

F’lzi = —mij; — Nigr i Pn (D.14)
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so while the “D—term” leads to kinetic and gauge—interaction terms, this superpotential (with
its Hermitian conjugate) leads to the interaction Lagrangian density

Lw = —(mijd; + Nijrhite) T (math + Xitm O1thm)
1
— <(§m”1/)zl/)J + )\”kl/}ﬂ/)ﬂ> + Hermitian Conjugate) (D15)

(incorporating the —FJ}iFW- term from the “D—term”).
There is also a superpotential associated with gauge vector fields. In short, using the Wess—
Zumino gauge, it is given by

~1 - = 1
Ly = Tur(ijFW) +iVao" DV + 5 DYDY (D.16)

where F}, is defined in terms of the usual field strength for the gauge group:
Fit* = Fu (D.17)

and V® is the Weyl spinor associated with the gauge vector field V,, and D, is the covariant
derivative of the gauge group as in equation (C.12) for example, noting that the generators
are in this case those for the adjoint representation. The auxiliary field for the vector field is
denoted by Df,.

D.3 D-Terms

Consider the “D-term” of the Lagrangian density, using the Wess—Zumino gauge:

Lp = Z@exp (2qi;9;VIt" )i
4,J 0660
=SB (D) + ithio® Dyths + F P
4,

. TTraxsrg ’:ja~ TTra yaj, 7
V243595 (DTVIb; — DV ot9;) + ij g1t D) (D.18)

where ¢;; is a “charge” for the superfield 1@- for the gauge group which has the vector field V; as
its adjoint representation, in the sense of gy, w,¢ in equation (C.2) — if V; is the vector superfield
for an Abelian gauge group, ¢;; is the charge for the superfield 1/31-, while if V7 is the vector
superfield for a non-Abelian gauge group, ¢;; is 1 if 1/?1 is in the fundamental representation of
the gauge group, and 0 if it is a singlet under the gauge group. (As might be expected, ¢} are
the generators of the gauge group denoted by j.) The gauge group coupling is g;.

When the auxiliary fields Fy,; are eliminated to obtain equation (D.15), and the D-term
auxiliary fields are eliminated with their equations of motion:

DY = =) aijg;0]t5: (D-19)
i

the normal SM-like Lagrangian density is recovered, along with extra “supersymmetric” terms.
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Field Symbol

= T
“Up-mass” Higgs doublet H,= (HH% )
o 0
“Down—mass” Higgs doublet H; = (gi)
d
Left-handed positron élp=¢€%
Left-handed anti-muon eSp = %
Left—handed 7 anti-lepton ép =175k
Left-handed electron doublet Ly = (7
ér
Left-handed muon doublet Lop = (7*
KL
Left-handed 7 lepton doublet Lap = (%*
TL
Left—handed up antifquarks ﬁiR — (,Zl}:%)antifrcd7 (w;%)antifgrccn7 (ﬂc )antifbluc
Left-handed charm anti-quarks USp = (8% )antired | (g )antizgreen - (g yanti-blue
Left—handed top antifquarks ’ELZC%R — (“(I:%)antifrcd7 (“%)antifgrccn’ ( )antifbluc
Left-handed down anti-quarks ¢y = (ds,)amtired | (s, )anti-green (e yanti-blue
Left-handed strange anti-quarks 155 = (8 )ntired | (g¢,yantizgreen - (gc janti-blue
Left-handed bottom anti—quarks ug R= (uf%)a““’red, (E%)anﬁ*gree“, (bj%;i)a““’blue
o il i red ur, green o blue
Left-handed up—down quark doublets Qi = ( d ) = ( Ji) ( i ) , ( Ji)
o tior N red N green N blue
Left-handed charm-strange quark doublets | Qo = ( i ) = (gi) (;2) , (gz)
o taL ¥ red i green i blue
Left-handed top-bottom quark doublets | Osr = ( il ) - ( = ) (Bﬁ) , (Bﬁ)

Table D.1: Notation for fields except gauge vector bosons.

D.4 MSSM/RPVMSSM Fields And Superpotential

D.4.1 MSSM Superpotential
The MSSM superpotential is given by

VVRp = (ﬁd)aeab(ﬁu)b
Yy (Ha)aab(Ly)oé5 g + Vi (Ha)a€ar (@) (dig)” + Yt (Hu)a€an(Q))h (i)
+ gauge piece (D.20)

where the gauge piece leads to the appropriate form of equation (D.16).

D.4.2 Soft SUSY—Breaking Terms

To parametrize supersymmetry—breaking, one may add certain terms to the Lagrangian density:
mass terms for the gauginos and Higgsinos (which may mix these fermions if they have the same
quantum numbers), mass terms for the sfermions (which may mix these bosons if they have
the same quantum numbers), and A-terms, which are trilinear terms in the scalar fields. In
principle these are completely unknown, but there are many benchmark scenarios that restrict
them to being dependent on only a few parameters, such as the mSUGRA—type models, where
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Field R, of Gauge Group Representation | U(1)y Hypercharge
bosonic component SU(2)p, SU(3)¢

H, +1 2 (doublet) 1 (singlet) £
H, +1 2 (doublet) 1 (singlet) 5t
iR

éSn -1 1 (singlet) 1 (singlet) +1
3R

L

Lop -1 2 (doublet) 1 (singlet) =t
Lsr,

iR

USp -1 1 (singlet) | 3 (anti-triplet) =2
U3R

din

d5p -1 1 (singlet) | 3 (anti-triplet) £
dip

Q1L

Qa1 -1 2 (doublet) 3 (triplet) £
Qs

Table D.2: Spin and gauge group assignments for fields except gauge vector bosons.

there is a common sfermion mass term, a common gaugino and Higgsino mass term, and a single
common A-term, which typically arises through gravity—mediated supersymmetry—breaking.

D.4.3 RPVMSSM Superpotential
The RPVMSSM superpotential is equal to the MSSM superpotential plus an RPV bit, WRP7
which is given by

WR = Hli(ii)aeaﬂ(Hu)ﬂ

1 i i wc 7 Je
+3 ik (Liacas(Ly)pein + Nijh(Li)acas (@) (dip)"

1 ve Je jc T
+ N ijk€pgr (u5R)"(d5R)"(dR)

5 (D.21)
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Appendix E

Obtaining Cross—Sections And
Decay Widths From Matrix
Elements

Calculating a cross—section or a decay width can be broken into two stages: the first stage of
writing down the amplitude, and the second of turning the amplitude into a physical result.
The first stage consists of drawing Feynman diagrams, writing down amplitudes using Feynman
rules, and adding the amplitudes together, and the second stage of squaring the amplitude (in
the sense of multiplying the amplitude by its complex conjugate) and resolving the kinematics
of the process. This appendix deals with the second stage. The first stage is addressed in
appendices C and D.

E.1 Spin—Averaging

In general, the amplitude is a complex number depending on the polarizations and quantum
numbers, such as electric and color charge, of initial- and final-state particles, and is referred
to as a matrix element, in the sense that the S—matrix can be written as a matrix of transition
probabilities to and from states labelled by polarizations and quantum numbers. However, in
most cases of interest, the initial particles are unpolarized, hence the initial polarizations must
be averaged over all possible values. Also, in most cases one is not interested in the final-state
polarizations, so the final polarizations must be summed over all possible values. Averaging
over polarizations is equivalent to summing over polarizations and dividing by the number of
polarizations for each particle, i.e. dividing by (25 + 1) for each massive particle, where S is its
spin (i.e. 0 for a scalar boson, 1/2 for a fermion, 1 for a massive vector boson). Massless vector
bosons only have two polarizations, so averaging over their polarizations only gives a factor of
1/2, rather than the 1/3 that massive vector bosons give. This summing is performed after
squaring the matrix element. Of course, one does not have to use the methods outlined below,
but explicitly inserting the expressions for each polarization and summing would still give the
same answer, though with a lot more working.

In general, a matrix element will be a product of Lorentz products of polarization vectors €.
(and also complex conjugates of polarization vectors) with various Lorentz objects (momenta,
matrix Lorentz indices, other polarization vectors, etc.), and also of spinor products ul'u, vT'u,
ul'v and vI'v, where I' represents any combination of v matrices, with an arbitrary number
of Lorentz indices (which of course, must be combined with themselves and the other Lorentz
indices in the matrix element such that the matrix element is a Lorentz scalar). It may also
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depend on other quantum numbers, but these shall be dealt with later. Hence, a matrix element
M is of the form

M = (polarization-independent factor)ITe!: ITe*s*TI(al'w)II(oTw)II(al'v) (2T v) (E.1)

E.1.1 Spinors

Since the spinor products are ordinary complex numbers (though with perhaps some Lorentz
indices), when multiplying the matrix element with its complex conjugate, one can consider the
product of each spinor product with its complex conjugate separately, taking care with Lorentz
indices. Consider the spinor product o(q)I'**u(p):

@(@T"" u(p))* = alp)y°T"" 17 0 (q) (E.2)

where the Lorentz indices receive a prime to note that the complex conjugate has its Lorentz
indices combined with Lorentz indices on some other part of the complex conjugate of the
matrix element. In equation (E.2) the facts that (7°)2 = 144 and (7°)T = 4° have been used.

Restoring spin indices on the spinors, the product of the spin product with its complex
conjugate is

@I u(p))* (BT u(p)) = @ @) T 1) asv’ (@)7" ()T (p)
= (T 190 05v” ()7 (TS’ () (p)  (E.3)

where @(p) can be moved past all the other factors since it is just a complex number.
Using equations (A.7) and (A.8), this becomes

> @@ u@) @@ ulp) = QT I0)0s(d — mg) T (§ + my)*

= (s T —m ) my))  (E4)

where m,, is the mass of the fermion with momentum p and m, is the mass of the fermion with
momentum gq.

At this point one may use various trace theorems to evaluate this expression. These are
identities for the traces of different numbers of v matrices. These all follow from the fact that
the v matrices are traceless and the cyclic property of the trace operation. These identities can
be found in appendix A of reference [108]. For example, the trace of two v matrices is explicitly
worked out.

tr(7#9") = tr(=y"" + 20" Laxa) = tr(=7"7" + 20" L1x4) (E.5)
using equation (A.25) and the cyclic property of trace. Hence
2tr(y"y") = 20" tr(1axa) (E.6)
so, since
tI’(I4><4) =4 (E7)

equation (E.6) becomes

tr(y"y") = 4n*” (E.8)
The identities for higher even numbers of v matrices follows from repeated iteration of the above.
The trace of an odd number of v matrices is zero, which can be seen by using equation (A.35)
to place a pair of 7%s at the end of a string of 7 matrices, then using the cyclic property of
trace to bring one of them to the start of the string, then anticommuting it back past all the
~ matrices until it is beside the other 4°, having picked up an odd number of factors of —1
from the anticommutations, hence the trace of an odd number of v matrices is equal to minus
itself, hence is zero. For traces involving +°, one can use equation (A.33) to replace it with an
antisymmetric tensor and a string of « matrices.
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E.1.2 Polarization Vectors

In a similar manner to the spinor product case, but much more simply, one sums over
’
i %

polarization vectors using equations (A.9) and (A.10) to replace terms like > 1. o tions€i €

in the square of the matrix element.

E.2 Color—-Averaging

If any of the initial- or final-state particles have SU(3)¢ charge, then, since QCD confinement
renders it impossible to tell the color charges of individual final-state colorful particles, the
color charges must be averaged or summed over. In both the SM and the RPVMSSM, the
color algebra can be factored out from the rest of the matrix element. There are color
structures associated with the colorful parts of Feynman diagrams. Vertices involving an
adjoint representation field (just gluons in the SM) coupling to fundamental representation
fields (just quarks in the SM) have a three-by-three SU(3) matrix t;, where the index
a = 1...8 is associated with the adjoint representation and the indices ¢ and j (running from
1 to 3) are associated with the fundamental representation. Vertices involving three or four
adjoint representation fields involve factors of the structure constants f¢, where a, b and c
are adjoint indices. Propagators have Kronecker § matrices with indices appropriate to their
representation. External fundamental representation particles have a three—component color
vector, and external adjoint representation particles have an eight—component color vector.
Analogously to the spinor case, the color matrices and vectors combine to form complex numbers
within the matrix element, but there are useful identities that allow one to write the color factor
times its complex conjugate as a trace of SU(3) matrices. These are much simpler than the ~
matrix case. For a three—component color vector v;, an eight—component color vector V¢ and
a three-by—three color matrix t¢,:

Z viv; = 5ij (Eg)

colors
dvevt = 5 (E.10)
colors

where C(r) is the Dynkin index for a representation r: in this case C(r) = 1/2. Since a and b
run from 1 to 8, one must remember that §* = 8.

E.3 Kinematics

E.3.1 One-To-Two Body Decays

Consider a heavy particle Y decaying into two particles a and b. In the rest frame of Y,
Ey =my and py = 0.
The appropriate decay width differential is

ar = dp, dp, M2 ((2m)*0™ (py — pa — pv))
((2m)*(2Ea)) ((2m)%(2Eb)) (2my)
_ ey ey B _
- (257T2mYEaEb)|M| 67(0 — p, — py)d(my — Eu — Ep) (E.12)
Now,
|I’X|2 = EY% -m%
=2lpx|dlpx| = 2ExdEx (E.13)
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SO
dpyx = dQX|PX|2d|PX| = dQXdEXEX|PX| (E-14)

noting that |py| on the right hand side is now a function of Ex.
Now performing the integration over p, “uses up” three of the four J—functions:

and|pa||pa|2

— 2 _ .
W = By E.Ey(E,)) [M[7o(my — Ea — Ey(Ea))
_ dQ.dE.E.|p,| >
- (25772mYEaEb(Ea)) |M| 5(mY E, Eb(Ea)) (E.15)

remembering that now Ej is no longer a free variable (through a change of variables from |p|
to E}), but is now constrained to be a function of F,, such that

By = \/Ipy + m2 = \/Ipo[* +mf = /B2 —m2 + m3 (E.16)
and that |p,| is a function of E, as well.
Also,
ar|™"
=S | Ll s (B.17)
zo:f(20)=0
SO
dE, | Euo|™!
S(my — Eq — Ey(Ea)) = |14 —2| 6(Eq— Eq) = |14+ =2| §(E, — Eqp)
dE, Ey
EbO EbO
= ——— §FE,—E,)=—0(FE, — E, E.18

where Epg = Ep(Eq0) 80 Eq0+ Epo = my, and Eyq is the value of E, that satisfies the constraint
that my — E, — Eb(Ea) =0.

Hence

dQ.dFE,|p,
ar= (2571'2m|2 ) | |M|26(Ea - EaO) (E19)
Y

Performing the integration over F,, “using up” the last d—function,

r— /an(|p7a0||M|2 (E.20)

25m2m3,)

. . . . 2
where |p,ol| is |p,| constrained such that E, = E,g, and all energies and momenta in M|~ are
now constrained by 4-momentum conservation laws:

E} = |p[P+m} =|p,] +m}=E2—m2+m}
= (my — E)? —m?+m}

(m3 —mg +m§)

=k = oy (E.21)
2 2 2
g, - M 2;”11; +ma) (E.22)
and

bl = Ip.| = VEZ —mi =B —m} (E.23)
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E.3.2 One-To—Three Body Decays

This is mainly a re-write of part of appendix B of reference [117].
Consider a heavy particle Y decaying into three particles a, b and c. In the rest frame of Y,
FEy = my and p, =0. The following notation is used:

2FE,

x = (E.24)
my
2F

y = 2 (E.25)
my

;= 2L (E.26)
my

These are referred to as reduced energies, and satisfy

T+Y+z=2 (E.27)
Also, the mass—squared ratios are denoted by
o\ 2
a = ( “ ) (E.28)
my
o\ 2
B = (_b ) (E.29)
my
o\ 2
vo= ( . ) (E.30)
my

The appropriate decay width differential is

dpa dpb dpc 6(4)(171/ —Pa — Db _pC)(27T)4|M|2
(2m)3 (27)3 (2m)3  (2my)(2E,)(2Ep)(2E.)
dp,dp,dp |M|*8™ (py — pa — p» — pe)

= E.31
(297T5myEaEbEc) ( )

dr

Using equation (E.13), performing the integration over p, “uses up” three of the four d—
functions:

A9 d|p,|[Pa|*d|py *d|py | M[*S(my — B, — By — E.)

dr (2975my E,EvE.)
_ dQudEEa|p, A, A E Ey| MPS(my — Eo — By — E.) (£.32)
(2975my E,EvE.)
Now
Pe = —P.— Dy (E.33)
SE—mi = [P = (=Po = b)-(=Pa = 1) = [Pal” + [P]” + 21, [P cos (6as)(E-34)
=EdE. = |p,||py|d(cos(bas)) (E.35)

assuming |p,| and |p,| are independent of E. (changing variables from E. to 6, the angle
between p, and p,).
Changing variable in the decay width differential from d€2j to dQq, = dgapd(cos(04p)),

dQedE,|p, |d(cos (Bap))ddas|py|AE| M > 8 (my — Eq — Ey — E,)

dr

(297T5mYEc)
_ dQ0dEud¢e EdEAE | M[*5(my — E, — By — E.) (E.36)
= (297T5mYEc) '
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Performing the integration over F., “using up” last d—function,

/ a0 / ddas / dE, / dE, 2912\?7;3/ (E.37)

If |J\/l|2 is independent of 0, and ¢gp, as it should be for a Lorentz—invariant quantity such
as a spin—averaged decay in a vacuum, then, performing the angular integrations and changing
variables from energies to reduced energies,

28 3 /dx/dy|/\/t| (E.38)

remembering to impose energy-momentum conservation by hand.

The limits on the integrals are complicated (and can be seen in full in reference [117]), but
for a decay into three massless particles, it simplifies. The most energetic particle may have
up to half the total energy in the center-of-momentum frame, and the least energetic particle
must have an energy of at least zero. Hence the energy of particle a can be anywhere in the
range of zero to half the total energy, so the limits on the x—integral are 0 and 1. Similarly the
reduced energy of particle b must be at least (1 — z) (making ¢ the most energetic particle) and
at most 1, so the limits on the y—integral are (1 — z) and 1.

At this point, |J\/l|2 must be written in terms of x and y. The energies are easily translated
(remembering = + y + z = 2). Lorentz products of momenta are given by a relatively simple
expression, derived as follows (in the rest frame of Y, so py, = 0 and Ey = my):

(Pape) = (Py — o — pe)- (DY — Pa — Pe)

Py — (pupy) — (Pepy) — Pay) + (Pa'Pb) + (PePa) — (PepY) + (PoDe) + D7

= mi — Eymy — Ecmy — Eamy + (pa'po) + (pope) + (Perpa) — Ecmy + m?
(Pa'Pb) + (PoPe) + (PerPa) — Ecmy +m? (E-39)

since E, + Ey + E. = my. Similarly

(pb'pc) = (pa'pb) + (pb'pc) + (pC'pa) — Eamy + mi (E-4O)
(Pepa) = (papb) + (Pope) + (PerPa) — Evmy + mj (E.41)
(E.42)
SO
(Pa'pb) + (Pype) + (PePa) = 3((PaPb) + (PrPe) + (PerPa))

—(Eq + Ey + E.)my +m?2 +m2 +m?
(my(1—a—B-17)

:>(pa'pb) + (Pb'Pc) + (pc'pa) =

2
m2(l—a—B—y+z+2
=(papy) = Ud 62 1 )
_ (miety-1-a-B+1)
2
2
-1
= w for massless final-state particles.

(E.43)
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E.3.3 Two—To—Two Body Processes

The differential cross—section do for a two—to—two body process, where the initial particles are
labelled A and B and the final particles are labelled a and b, is given by

do = (incident flux factor)x (amplitude squared) x (final state phase space differential)

x (momentum conservation d—functions)

_ 1 2 dp, dp, 45(4) _
— s <M (e e ) X((20) '8 (0 + ) = (o + 1)

(E.44)

Using the same manipulations as in section E.3.1, such as in equations (E.14) and (E.18)
with my replaced by (E4 + Ep), one can obtain

/dpadpb(Zﬂ)45(4>((pA +pB) — (Pa +pb)):/ (2m)0((Ea + Ep) — (Eo + Eb))dQ A, Ea|p, |
(27)32E,(27)32F, (27)32E,2E), arrealfa
(27‘()5(Ea — an) EbO
= [ V40, dE,E,lp, | ——
/ (2m)32E,2E, [Pl (Ea+ Ep)
1 P
— dq, a E.45
/167r2 (Ea+ EB) (E.45)
Hence ) | | )
pa 2
- dq, E.4
7 /167T2 (Ea+ EB) 2EA2EB|UA—UB||M| (E.46)

For massless initial state particles, in the center—of-momentum frame, the incident flux
factor (2E42Eglva —vp|) ! is equal to (8E73) ™! = (2s)~1, where s is the Mandelstam variable
(pa +pB)*.

E.3.4 Two—To—Three Body Processes

The differential cross—section do for a two—to-three body process, where the initial particles
are labelled A and B and the final particles are labelled a, b and ¢, is given by almost the
same expression as for a two—to—two body process, with an extended final state phase space
differential and conservation of momentum.

1 2 dp dp,, dp
d — a C
7 SEA0Ena — g M ((2@3213& (27)32E, (27)32E.

x((2m)* 6D ((pa + pB) — (Pa + Py + pe))) (E.47)

Unfortunately, there is not as easy a simplification of this expression as in the two—to—two
body case. One can use many of the manipulations in section E.3.2, such as equation (E.35),
changing variable in the decay width differential from d€2, to dQa, = ddapd(cos(0ap)), and
performing the integration over p,, but if one is numerically evaluating the integrals, there is
not much point in further refinement.
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Appendix F

QCD Bound State
Approximations

F.1 Quark Bilinear Coefficients

In chapter 3 it was assumed that meson states are separable into valence quark bilinears
multiplied by form factors.
For a vector meson V', the approximation used is

(01Gar"as|V (pv)) = iHy Fymy el (F.1)

where €}, is the polarization vector of V', Fy, is the decay factor for the meson, my is the mass
of the meson and H 36 is the coeflicient of g, gs in the quark model wavefunction of the meson.
For a pseudoscalar meson P, two approximations are used:

(01ga7"7°qs|P(pp)) = iH3 Fepl (F.2)
_ iHEP Fpm?
(01gar’qs|P(pp)) = PMTP (no sum on a, 3) (F.3)
P

where Fp is the meson decay constant for P and Hgﬁ is the analogue of Hﬁﬁ . The factor u%ﬁ
is described later.

This is not standard notation, so it shall be described in some detail, as it is very convenient.
Firstly, it is only of relevance to the light mesons, as it is assumed that there the charmed and
bottom meson wavefunctions consist entirely of one quark bilinear, e.g. D is entirely de, so
Hg)% = 1 and all other Hgf = 0. Hence for mesons which are not part of the light SU(3),4s octet
or singlet, H37 p = 1 for the relevant o and 3. For the charged light mesons, this assumption

is also made , e.g. that K is entirely 5su, hence H, =1
Assuming that all the momentum of the meson is carried by the valence quarks,

(01> _H3 av"v"qs| P(pp)) = iFpplh (F.4)
o

since the sum of the squares of H;ﬁ for the constituent valence quark-anti-quark pairs is
normalized to 1.

Now comparison with the literature is made: Hgﬁ is related to the definition of the axial
current using Gell-Mann matrices, A* (normalized such that tr()\a)\b) = 26%; also here A is
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defined as V2/ /5l3x3). The P.D.G. [51] use the definition of the axial current A, as appearing
in reference [118]:

_ 1.,
Al = w5\ (F.5)
where the vector ¢ = (u,d, s)”, with the definition of each meson decay constant given by
V20142 | PY(p)) = i6 frp, (F.6)

for a meson PP(p) defined as having valence quarks given by gA\’q. More generally a meson is
a superposition C*“gA°q. From this,

V2(0[A2[P(p)) = (0> H3 dur"7 a5/ P(pp)) (F.7)
a,B

so the values for Hgﬁ are just '/ 5(A*)*# for the pseudoscalar meson associated with the
Gell-Mann matrix A*. This fixes the normalization; e.g. in this scheme the neutral pion is
Y g(tw — dd) (H* ="/ 5, H% = ~1/ ;5). This also fixes which decay constant convention is

used, since Fp is identified as fp: that in which F; = 130 MeV rather than 91 MeV. The Hgﬁ

are defined to be the same as HIO‘DB for their pseudoscalar counterparts.
Strictly speaking, equation (F.6) should read

V2(0|145 | P*(p)) = i6®" fppuexp (~ip-x) (F.8)
but the exp (—ip-z) leads to a factor of 1 and enforces momentum conservation when the matrix
element is squared, and so in this thesis is dropped except for the following discussion. Applying
O* to both sides leads to

V2(0[0" Af}| P*(p)) = 6°° fppPexp (—ipa) (F.9)
Now
1 — 1 1
AL = o <f?”m”Y5§)\a(J) = (@@’755/\‘1(1 + ‘1@’755/\‘1(]>
= 1., 1., iy 1., 1., )
= (q Py 5N — agA 75@q> = (q(zM)75§A ¢ = a3 75(—ZM)Q)

;
= tﬁ’g {A*, M}q (F.10)

—
assuming that the quark fields satisfy the Dirac equation (equation (A.3)). The notation g @
is equivalent to (9,¢")y°y#, and M here is defined as

m, O 0
M = 0 mgq O (F.11)
0 0 mg

Combining this result with equation (F.9) leads to

O % Ml P 0) = 26 1 (F.12)

(dropping the exponential function again).
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Since

(01@a®(mgo +mg,)as|P°(0)) = (017" {(DssA°), M} 4| P*(p)) (F.13)
=(01@a7’as|P'(p)) = m@IQf {(DgsX%), M} q|P*(p))
_ DigV20% fep?
My, + Mg,
_ V2Dapfrrt i on o) (F.14)

m(Ia + mqﬁ‘

where Dy 5 is defined such that gags = Dy 5GA°q.
By comparison with equation (F.3), u%ﬁ is identified as

af _Hgﬁ(mqa + mQB)

= F.15
Take the neutral pion as an example:
1 i

0lgy"v* = X3q|7° (pr)) = —= Frpt F.16

(Ol7y"y* 53| (px)) 5 et (F.16)

wW=—,H05=— F.17

70 \/5 0 \/§ ( )

VI O B st 340 3 0

(Olar"yuln(px)) = (0lar"7°5 (1) 5A” + A)a| (b)) (F.18)

assuming (0|57"7°s|7%(pr0)) = 0. Hence DY, = \/5/2\/5 and D3, = /. This leads to pf =
—2m,, and u% = 2my.

There are some caveats: the A%-\8 mixing is taken into account, so the used n and n’ states
are not exactly Y/ s(tu + dd — 25s) and !/ z(au + dd + 5s), but mixtures with a mixing angle
(6, = —11.5° = 0.052 radians, following chiral perturbation theory) given by the P.D.G. [51],
likewise for ¢ and w.

(0157°*s|n(py)) = i(cos(0y) Hyl By — sin(0n) Hp 2 Fy, )py; (F.19)

The H37 p are taken to be 1 for the appropriate quark bilinears for all mesons except for
7Y, Kg, K1, n,  and ¢. These mesons are taken to be as in table F.1.
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70 %(ﬁu —dd)

Ks | J5(sd + ds)

K, %(Ed —ds)

n 0.515(@u + dd) — 0.6853s

n | 0.484(uu + dd) + 0.7293s
SS

Table F.1: Non—trivial quark bilinear coefficients.
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Appendix G

Input Data

The values used for the various fermion and meson masses and decay constants are shown in
table G.1. All the Fp values, masses, lifetimes, decay widths and branching fractions are taken
as they appeared in the P.D.G.’s listings [51] in December 2006. The masses for the quarks
are the central values of the masses in the MS scheme. The Fy values were calculated from
V—eTe™ and are in good agreement with [119]. Fyy and Fp are defined in appendix F.

The values for decay widths and branching ratios used, taken from the P.D.G. [51] in
December 2006, are given in tables G.2 and G.3.

Pseudoscalar Mass Fp Fundamental Mass
meson (in GeV) | (in GeV) fermion (in GeV)
70 0.135 0.130 e 5.11 x1076
Kg 0.498 0.160 I 0.106
Ky, 0.498 0.160 T 1.777
n 0.548 0.130 U 3.0 x1073
7 0.958 0.172 d 6.0 x1073
Dy 1.86 0.25 s 0.11
By 5.28 0.2 c 1.25
B, 5.37 0.2 b 4.3
Vector Mass Fy
meson (in GeV) | (in GeV)
p 0.776 0.22
K~ 0.896 0.23
10) 1.020 0.23
J/p 3.10 0.41

Table G.1: Input data: masses and decay constants
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Decaying Decay Decay Branching
particle | width (GeV~!) | channel ratio

I 2.996 x10~19 eee 1.0x10712

T 2.265x10712 eee 2.0 x1077

eeji 1.1 x10~7

e 1.9 x10~7

pept 2.0 x1077

JLULE 1.3 x10~7

o 1.9 x1077

ep? 2.0 x1076

up® 6.3 x1076

ep 6.9 x106

1) 7.0 x106

eK* | 51 x107°

eK*0 | 74 x1076

uK*0 7.5 x1076

uK*0 | 7.5 x1076

em? 1.9 x10~7

um® 4.1 x1077

en 2.4 x1077

un 1.5 x10~7

eKg 9.1 x10~7

uKs 9.5 x10~7

Table G.2: Input data:

106

lepton decays




Decaying Decay Decay Branching
particle | width (GeV~!) | channel ratio

J/ 9.3 x1075 | pefep | 1.1 x1076

TE/eT 8.3 x107°

Ti/pu7 | 2.0 x1076

70 7.817 x107° efi 3.8x10710

UE 3.4 x107°

n 1.29 x107¢ | pe+eii | 6 x1076

7 2.02 x107* | pe/ei | 4.7 x1074

Ky, 1.263x1077 | pe/eji 4.7x10712

DO 1.602x10712 | pe/ei | 8.1 x1077

BY 4.3718x107 13 | pefep | 1.7 x1077

refer | 1.1 x107*

Ti/pu7 | 3.8 x107°

eé 6.1 x107®

j 3.9 x1078

B 4.378x107 13 | pe/ep | 6.1 x1076

ee 5.4 x107°

it 1.5 x10~7

Table G.3: Input data: meson decays
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