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Abstract

Quantum Fields, Dark Matter, Elko Fields and Non-Standard Wigner

Classes
Adam Gillard

In this thesis we examine the Elko field dark matter candidate, its interactions, and possible
theoretical origins. We discuss important areas in which Elko Field Theory is incomplete and
propose what we consider to be the most natural ways of plugging the holes in the theory.
The way we propose to plug these holes enables Elko fields to interact with Standard Model
gauge quanta. Any possible Elko darkness may be then due to Elko non-locality. The possible
existence of Elko gauge interactions constitutes a significant result in this thesis. We also
explore how Elko quantum fields might arise on the state space. We show that the Elko
field is not a quantum field in the sense of Weinberg and that the Elko field violates the
symmetries of the Lorentz group; another significant result altering how we think about Elko
Field Theory. We also show that subgroups of the Lorentz group do not give rise to Elko
fields (or their VSR counterparts) on the state space.

We also examine the non-standard Wigner classes and show that in the context of our most
natural ways of plugging the holes present in Elko Field Theory, Elko fields do not arise there
either. We also show that in one of the non-standard Wigner classes, under certain conditions,
there can exist a local massive spin-1/2 quantum field Majorana type dark matter candidate
that is a well-defined quantum field in the sense of Weinberg. We give the dynamics of this
new quantum field and also specify under what conditions this quantum field can exist. We
finish the thesis by exploring Elko fields and their left and right-handed components in the
context of the Electroweak Theory, in a more speculative way. We take the general concept of
mass dimension transmutation introduced for Classical Spinor Theory by J.M. Hoff da Silva
and R. da Rocha and apply it to the state space in the most natural way. We use this to
derive a formula linking Dirac fields to the left-handed components of Elko fields and suggest
the possibility of mass dimension transmutation being involved in electroweak interactions.
Finally, we point out that although Elko fields cannot enter the Standard Model doublets,
they can form their own doublets, the resulting symmetry currents of which can couple to

the symmetry currents of the Standard Model.
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1 Introduction and Structure of the Thesis

1.1 Main Themes of the Thesis

This thesis is about looking for “darkness” in Quantum Field Theory using Steven Weinberg’s
approach to the development of Quantum Field Theory. Our search focuses on the Elko dark
matter candidate, and extends to a search for viable dark matter candidates among the non-
standard Wigner classes. We also take the Elko field and study its properties, independently
of questions of Elko field origins, and critically analyze the existing Elko Field Theory, in
particular, Elko particle interactions with Standard Model particles. One of the remaining
large problems of physics is the problem of what dark matter is. This thesis helps fill a
gap in this broad area of research by attempting to obtain the Elko dark matter candidate
within the formalism of Quantum Field Theory as set out by Weinberg, and also by looking
for possible dark matter candidates among the non-standard Wigner classes, also with the
view of Quantum Field Theory adopted by Weinberg. Finally we consider Elko fields in the
context of the Electroweak Theory. In this thesis, we subject the existing Elko Field Theory
to critical analysis, which is a worthwhile activity as there are issues which require attention.
Our thesis contributes to this process. A very important theme in this thesis is that we are

taking a Quantum Field Theory approach in contrast to the usual spinorial approach.

1.2 Chapter Outline

We have divided this chapter into five main sections. We start the first section with a brief
overview of the Standard Model and the main points proposed by Steven Weinberg as to
why Quantum Field Theory is the way it is. We follow this by giving a brief overview of
the motivation for believing in the existence of dark matter, and we give a short discussion
on the main dark matter candidates. We then give a brief overview of the Elko dark matter
candidate. We then have a short section introducing the idea of non-standard Wigner classes.
In the final section of this chapter, we introduce the structure and content of the thesis. We
specify what parts of the thesis constitute the author’s own work, and we also specify what
parts are simply relevant review material which is well known and easily accessible in large
portions of literature on the subject. Finally, we follow this with an account of what is

contained in each section of the thesis together with why each section is there.
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1.3 Literature Review: Background and Motivation

The Standard Model of particle physics is the most universally accepted theory of particle
physics. It treats, in a unified way, interactions of all known visible matter by three of the

four known fundamental interactions, the exception being the gravitational interaction.

The Standard Model of particle physics is built on the theory of quantum fields. Quantum
Field Theory, in turn, started developing as a result of two main problems which were under
investigation in the 1920’s. The first main problem being looked at was how to have a
quantum theory of the electromagnetic field. The second major problem under investigation

was how to incorporate Special Relativity into Quantum Mechanics [1]]2][3][4].

Special Relativity had been incorporated in Classical Field Theory [5][6] and historically,
attempts to derive a quantum field were made by first examining the classical fields in Classical
Field Theory. Plane wave solutions to the equations of Classical Field Theory were taken and
the coefficients were “promoted” to become operators on a Hilbert space (see for example [7,
p.126] and [8, p.24]), the creation and annihilation operators of which will be introduced in
Chapter 2. Once a quantum field was written down, it would be put through the canonical
formalism [7]. More will be said on this at the end of Chapter 2 and some core aspects of the

canonical formalism will be illustrated in Chapter 3.

In 1964, Weinberg put together a coherent account of why quantum fields are the way
they are, particularly by thinking about the second question concerning how to put Special
Relativity and Quantum Mechanics together [9][10]. By considering physical states as rays
in a Hilbert Space and considering the Poincaré group as part of a more general symmetry
group including internal symmetries, which acts on the Hilbert space of physical states,*
Weinberg put together a logically ordered account of why Quantum Field Theory is the way
it is. The point of view expressed by Weinberg was that quantum fields (like the Dirac field
for example) are the way they are in order that the interaction Hamiltonian gives rise to
S-matrices which are Lorentz invariant and also local in the sense that sufficiently far away
events do not affect each other. The locality condition is also needed to prove the Lorentz
invariance of the S-matrix. We take the point of view in this thesis that Weinberg’s approach
to Quantum Field Theory is a good one, and this approach is the approach which we rely
upon and take advantage of when looking at the Elko field and also when we look for dark
matter candidates among the non-standard Wigner classes. We now turn our attention to
Dark Matter and also to where the Elko dark matter candidate fits into the picture. After
this, we present a brief review of the non-standard Wigner classes and state why we wanted

to think about them in connection with dark matter.

*The possible representations of the Poincaré group on the Hilbert space of physical states were first

methodically given by Wigner [11].



1.4 Dark Matter

1.4 Dark Matter

In 1934, Fritz Zwicky [12] postulated that perhaps there exists dark matter. This is an
unknown form of matter which is believed to not easily participate in the usual standard
model interactions, with the only exception, being the gravitational interactions. He came
to this conclusion while studying the orbital velocities of galaxies in clusters. There did not
seem to be enough observed mass to generate the gravity whose effects were being observed.
In particular, dark matter does not interact with light.

Similar conclusions have been reached from studies of the motions of individual galaxies
[13, p.37]. All of these studies, concerning either clusters of galaxies or individual galaxy
rotations, rely on the virial theorem, which was first properly formulated in 1870 by Clausius
[14] and says roughly that the time averaged total kinetic energy should be half the total
gravitational binding energy of the cluster of galaxies. It is based on the assumption that the
system of massive objects is stable in some suitable way.

Not all dark matter tests have been limited to dependence on the virial theorem however.
Measuring the mass density profiles of galaxies by gravitational lensing has yielded results
compatible with the conclusions based on the application of the virial theorem. In 2003, a
paper came out [15] adopting a further method for detecting the presence of dark matter
using weak gravitational lensing and inferring the existence of dark matter from statistical
arguments.

Other indirect detection attempts derive from analysis of the cosmic microwave background
radiation [16][17].

There are lots of ideas about what might actually constitute dark matter. One such dark
matter candidate is the axion [17][18][19]. The axion finds its origin by considering a possible
term that can be added to the Lagrangian of Quantum Chromodynamics [20, p.93][21]:

993 UV I po
:meﬂVPUFa FCL . (].1)

with 6 being some free parameter. There are terms in here which violate parity and time
reversal symmetries but experiments show that, to a high degree of accuracy, both P and
T are conserved which means that # must be very small. The question of why 6 should
be so small, or why quantum chromodynamics preserves C' P symmetry so well is known as
the strong CP problem. A solution is to introduce the Peccei-Quinn symmetry [21] to the
Standard Model and then spontaneously break the symmetry. If this is done, 6 effectively
becomes a quantum field and the corresponding 6 particles are called axions. There have
been several searches for the axion particles [22][23].
The most popular candidates for cold dark matter (dark matter that moves non-relativistically)

are the weakly interacting massive particles (WIMPS) which could only have the gravitational
or weak interactions. There are several experiments set up looking for WIMPS. One set up

is an indirect detection method with the Super-Kamiokande in Japan. This idea works on
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the principle that WIMPS would enter the sun and react, causing the sun to eject more neu-
trinos, which would in turn be detected by the Super-Kamiokande neutrino telescope [24].
Interpreting the data in this regard is difficult as the properties of the WIMPS themselves as
well as the mass of the Higgs boson would ideally need to be known.

A direct detector effort is underway with the Cryogenic Dark Matter Search (CDMSII)
detector at the Sudan Mine [25]. Researchers from there announced in December 2009 that
two events had been observed, which may be WIMP related. It has also been suggested that
this data is consistent with mirror matter models of dark matter [26]. A higher event rate
has been observed by the CoGeNT detector which is smaller than CDMSII and designed to
detect less massive WIMPS. This has given support to the idea that there exist dark U(1)pT
gauge bosons which only interact with Standard Model particles by the kinetic mixing process
[27]. Another direct detection effort is the Project in Canada to Search for Supersymmetric
Objects (PICASSO). The PICASSO group have managed to put limits on the cross section
for WIMP interactions on protons [28].

The main alternative to thinking about dark matter in order to account for Zwicky’s
observations is to consider modifications to gravity [29][30]. Another alternative idea is that
there exist gravitational effects on the visible universe from multi-dimensional forces [31].

Another dark matter candidate, Elko, was proposed in 2005 [32]. It is the Elko quantum
field that we look at extensively in Chapter 3, Chapter 4 and Chapter 6 which forms a

significant portion of this thesis.

1.5 Elko Literature Review

In 2005 D.V. Ahluwalia and D. Grumiller announced the discovery of a new spin-1/2 mat-
ter field with mass dimension one, in contrast to the usual spin-1/2 fields which are Dirac
fields of mass dimension-3/2 [32]. The spinors were eigenspinors of the finite-dimensional
charge conjugation operator belonging to the (%, 0) & (0, %) representations. This property
of the spinors led to the German name FEigenspinoren des Ladungkonjugationsoperators, the
acronym of which was settled to be Elko so the new quantum field was called the Elko field
and the associated spinors were called the Elko spinors. This Elko field was non-local and
satisfied (CPT)? = —1 for the representation space (3,0) @ (0, 1) so Elko became connected
with the non-standard Wigner classes due to the C'PT properties of the Elko spinors [32,
p.18]. The non-standard Wigner classes are commented on further in Chapter 2 and then
significantly further in Chapter 5. As will be explained in Chapter 5 when describing the pos-
sible irreducible representations of the full Poincaré group there are four isomorphism classes
which differ from one another by their C'PT properties. One of these isomorphism classes is

the standard Wigner class in which the Standard Model fits, and the other three are known

"The group U(1)p is a U(1) gauge group which is thought to be the gauge group for “dark photons,” the

idea being that the dark sector is self referentially luminous.
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as the non-standard Wigner classes. In the non-standard Wigner classes, there is a doubling
of degrees of freedom compared to the standard Wigner class. Moreover, a theorem by Lee
and Wick (see [33]) says roughly that if the symmetry group is enlarged to include internal
symmetries, and if the C'PT theorem is assumed to hold, then the non-standard classes can
be made to look like two copies of the standard Wigner class.

The main candidates for Elko interactions with known matter were via the Higgs particle
as well as through the gravitational interactions. This limited ability of Elko to interact with
Standard Model matter, naturally led to Elko particles being put forward as a candidate for
dark matter. It was proposed by D.V. Ahluwalia et al., that since Elko could not be made to
fit into the Standard Model doublets due to its mass dimensionality mismatch with standard
fermionic matter, Elko was a natural dark matter candidate [32][34]. In particular, Ahluwalia
et al., claim there is no interaction with Standard Model photons.

Soon after this, R.da Rocha and W.A. Rodrigues Jr showed that the Elko spinors belonged
to a wider class of flagpole spinors corresponding to class 5 of Lounesto’s classification of
spinors [35][36]. Lounesto classifies all spinors by the properties of their bilinear covariants.
They also showed that all such spinors in the class of spinor which contain Elko spinors, must
be built out of two-component spinors of opposite helicity.

In 2006, C.G. Bohmer applied the analysis of the Einstein-Cartan theory of gravitation
to Elko spinors, leading to the idea that Elko spinors could act as sources of curvature and
torsion [37]. Bohmer also argues that Elko spinors therefore help to solve the general problem
of how Maxwell fields can be minimally coupled to Einstein-Cartan theory. Following this
work, Bohmer then showed that the Elko spinors could be seen as a natural candidate as a
driver of inflation, in addition to being a natural dark matter candidate [38].

In 2007, R. da Rocha and J.M. Hoff da Silva used the fact that Dirac and Elko spinors
are classified in certain ways by Lounesto, in order to construct an algebraic way of relating
Dirac spinors to Elko spinors in an effort to better understand the mathematical and physical
properties of Elko spinor fields and how they relate to Dirac spinor fields [39]. They then
showed in further work that Elko spinors cannot be used to describe instantons.

In 2009, da Rocha and da Silva also showed that the mapping from the Elko spinors to
the Dirac spinors could be used in the process of deriving the Quadratic Spinor Lagrangian
from the Einstein-Hilbert, Einstein-Palatini and Holst actions [40]. The Quadratic Spinor
Lagrangian is popularly considered as a main candidate for a super gravity Lagrangian. Also,
the Holst action is connected to Ashtekar’s formulation of Quantum Gravity [41], so Elko
spinor fields have also been linked to supersymmetric theories of gravity as well as Quantum
Gravity.

In 2008, D.V. Ahluwalia, C.Y. Lee, D. Schritt and T.F. Watson presented an Elko quan-
tum field which is local in the sense that the fundamental anti-commutator conditions of

the canonical formalism (see for example, [42, p.293]) were satisfied [34]. The spinors used

1

were still eigenspinors of the charge conjugation operator in the (%, 0) @ (0, 5) space of rep-
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resentations and so are still Elko spinors. This new local Elko quantum field opened up the
possibility of doing S-matrix calculations, if a suitable interaction Hamiltonian was given.

In 2011 M. Dias, F. de Campos and da Silva considered the Elko field operator when
analyzing the prospects of detecting Elko particles at the LHC via interactions with the
Higgs boson [43].

It has now become clear that Elko is worth studying. It has been proposed as a prime
candidate for dark matter as well as a prime candidate for driving inflation. Elko has also
been indirectly linked to Super Gravity and Quantum Gravity. The mapping between Dirac
spinors and Elko spinors has become a candidate to use to provide a natural extension to the
Standard Model to include dark matter. In Chapter 6 we look at the possibility of linking
Elko in with the electroweak sector of the Standard Model by introducing the concept of
mass dimension transmutation into Quantum Field Theory.

In 2009 and 2010, D. Gredat and S. Shankaranarayanan further analyzed the idea of an
Elko spinor condensate driving inflation [44].

In 2010, L. Fabbri contributed to the general Elko research effort by showing that the
problem of causal propagation for Elko fields is always solvable [45].

Also in 2010, H. Wei discussed the cosmological coincidence problem in the spinor dark
energy model when using Elko spinors [46]. He also gave a method of reconstructing spinor
dark energy from cosmological observations, which he claims “works fairly well.”

Much has been said about the Elko spinor fields but not much has been said in the literature
about the use or the derivation of the associated Elko quantum field. This thesis helps to
plug this hole in Elko research. We have not included our own contributions to Elko research
in this list because we talk about this in great detail throughout the rest of this thesis.

We were first to show that there are problems at the level of the Hilbert space of phys-
ical states if we demand that Elko particles respect the full range of Poincaré spacetime
symmetries [47][48]. Related results based on different arguments were given later in [49].
Specifically, the rotational symmetries are broken and a preferred direction results. We say
more on these issues, as well as locality, during the course of this thesis, towards the end of
Chapter 4. Our results have been taken into consideration by Dias, de Campos and da Silva
[43, p.5]. Our results helped motivate more attention to the underlying symmetry groups that
are compatible with Elko rest spinors in the sense described in Sec. (4.2). In 2010, Ahluwalia
and S.P. Horvath presented a new quantum field based on spinors that transform according
to the symmetry group of the more restricted Very Special Relativity symmetry group [50].
The rest spinors are Elko rest spinors but the boosted spinors are different from the Elko
spinors so the resulting quantum field written down was referred to as an Elko cousin. We
have more to say on this cousin field in Sec. (4.5). We finish this section by noting that
[47][48] is joint work by the author of this thesis and it is based on material from this thesis.

Finally we note that more recently in 2011, Ahluwalia, Horvath, Lee and Schritt argue that

an Elko theory which respects a subgroup of the Poincaré group along a preferred axis should
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be regarded as a positive feature of the theory and they point to experimental evidence for

the existence of a preferred axis [50][51].

1.6 Non-Standard Wigner Classes

In 1939, Wigner gave the irreducible unitary representations of the restricted Lorentz group
[11]. In 1964, Wigner classified the various solutions concerning what the Hilbert space of
physical states can look like under the action of the full Poincaré symmetry group, including
the discrete space and time inversion symmetries [52]. Wigner showed that there are four
solutions. All of the standard Quantum Field Theory is done with one of the solutions
presented by Wigner. The solution universally used in the literature is known as the Standard
Wigner Class. The other three solutions are known as the Non-Standard Wigner Classes.
In these three classes, there is a doubling of the number of physical states. The existence of
four distinct classes comes about when considering the projective representations of the full
symmetry group. If the space and time inversion symmetries are ignored and assumed to
not constitute physical symmetries, then the distinction is lost and the only solution is the

standard Wigner class solution.

Two years later, in 1966, T.D. Lee and G.C. Wick argued that if the added assumptions
were made to a field theory that it be local and also satisfy the C' PT Theorem, then if there
were internal symmetries, then either the non-standard classes did not occur, or else they
could be reduced to the standard class by combining the state space representations of the
space and time inversion symmetries with appropriate unitary representations of internal

symmetry transformations [33]. We discuss these issues further in Sec. (5.5).

It has long been assumed that even if space or time reversal symmetries are broken, the
CPT symmetry should still be universally valid. In 2002, O. Greenberg argued that a CPT
violation implies a violation of Lorentz symmetries [53]. Evidence has come to light that the
CPT symmetry might be violated since the antineutrinos seemingly have different masses
to those of neutrinos. The results of these sorts of experimental searches are summarized in
[54].

Weinberg only gives a proof of the C'PT theorem in the context of the standard Wigner
class. We embarked on a systematic study of the non-standard Wigner classes to see whether
there could be any non-standard quantum fields which might serve as dark matter candidates
and to see whether the Elko field could be derived in a non-standard state space. This is the

subject of Chapter 5 of this thesis.

We now explain what is in the thesis and why various things are in the thesis.
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1.7 Elements of the Thesis

This thesis has three main original components:

1. A critical analysis of Elko Field Theory, with particular emphasis on Elko interactions.
2. A look at the Elko dark matter candidate from the point of view of Quantum Field Theory,
and in particular, the paradigm set out by Weinberg.

3. A search for possible dark matter candidates among the non-standard Wigner Classes

from the point of view of Quantum Field Theory.

The first of these main components is found in Chapter 3, the second in Chapter 4 and
the third in Chapter 5.

The first of these main original components of the thesis includes:

1. Establishing a necessary mathematical condition for Elko Lagrangians to be gauge in-
variant and critically analysing existing literature in Elko Field Theory in light of these
results (Sec. (3.3)).

2. Describing general Elko gauge symmetries (Sec. (3.5)).

3. Deriving the Elko free particle Hamiltonian and the U(1) interaction Hamiltonian density
(Sec. (3.6) and Sec. (3.7)).

4. Checking that the anticommutators between the Elko fields and their new canonically
conjugate field momenta have their usual form (Sec. (3.8)).

5. Deriving the Elko symmetry currents (Sec. (3.9)).

6. Investigating electromagnetic scattering between Elko and Dirac-type particles and bring-
ing to light problems at the loop correction level of Elko quantum electrodynamic processes
(Sec. (3.10)).

The second of these main original components of the thesis includes:

1. Showing that Elko fields are not quantum fields in the sense of Weinberg and that they
break Lorentz symmetries (Sec. (4.2)).

2. Showing that restricting the number of Lorentz symmetries that Elko fields must satisfy,
does not result in a formula for linking Elko rest spinors to boosted Elko spinors (Sec. (4.3)).
3. Observing that Elko fields do not obey an important causality condition (Sec. (4.4)).

4. Showing that Elko’s VSR (Very Special Relativity) cousin fields do not arise in the sense of
Weinberg from the VSR symmetry group, further suggesting that a move to non-commutative

spacetime may be necessary (Sec. (4.5)).

The third of these main original components of the thesis includes:
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1. Showing that there are no massive spin-1/2 quantum fields transforming according to
any of the Case 2 and Case 4 non-standard representations of the Poincaré group (Sec.
(5.3)).

2. Showing that there does exist a class of solutions giving rise to a quantum field trans-
forming under the Case 3 non-standard representations of the Poincaré group. This involves
a new finite-dimensional representation of the Lorentz group, which differs from the chiral
representation by the forms of the discrete symmetry operators (Sec. (5.3)).

3. Discussing the absence of Elko fields among any of the Wigner classes (Sec. (5.4)).

4. Specifying the conditions that would have to exist in nature in order for the Case 3
non-standard representations of the Poincaré group to reduce to two copies of the standard
Wigner class representations of the Poincaré group (Sec. (5.5)).

5. Elucidating the dynamics of the new massive spin-1/2 non-standard quantum field (Sec.
(5.6)).

6. Giving the Majorana condition for the new quantum field to be a dark matter candidate
(Sec. (5.7)).

7. Analyzing the non-standard quantum field in terms of its left and right-handed compo-
nents, for the case where non-zero conserved quantum numbers are allowed. We suggest the
identification of neutrinos with non-standard fields, and comment on a few strange aspects

exhibited by the non-standard Lagrangian (Sec. (5.8)).

In addition to these three main original components, we also have a more speculative chap-
ter where we look at mass dimension one fermionic fields in the context of the Electroweak

Theory. In Chapter 6 this includes:

1. Devising and investigating a natural simplest first approach to incorporating the con-
cept of mass dimension transmutation in the setting of the Electroweak Theory, and looking
at a possible link between Elko and the electroweak sector of the Standard Model, resulting
in a formula linking Standard Model Dirac fields to left-handed components of Elko fields.
This, along with parity symmetry violation leads us to conjecture that perhaps the concept
of mass dimension transmutation should be incorporated into Quantum Field Theory, and in
particular, into the context of the Electroweak Theory (Sec. (6.2)).

2. Observing that in principle, Elko fields should be able to interact electroweakly with Stan-
dard Model particles. Any apparent darkness would not be due to a lack of ability for Elko
to admit gauge interactions, but may come about as consequences of not possessing locality
in all directions (Sec. (6.2)).

In the case of Elko, we initially assume the Elko quantum field to be just that, a quan-

tum field, and we perform a series of calculations, using existing standard mathematical
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technology, motivated by physical considerations, to formally work out symmetries of the
Lagrangian, determine what interactions are possible, by having gauge fields, both abelian
and non-abelian, and illustrate with an example, the calculation of a cross-section of a hy-
pothetical interaction between Elko particles and standard Dirac particles by exchange of a
U(1) gauge quantum. We also point out (Sec. (3.3.2)) that the Elko Quantum Field Theory
research already existing in the literature, is incomplete, and we discuss the implications of
this for Elko Field Theory, and in particular, Elko’s ability to admit gauge interactions with
Standard Model gauge quanta.

Some problems with the Elko field are pointed out as they come up. The existence of certain
problems, such as that of the spin sums not being manifestly Lorentz covariant, provides a
natural motivation to question whether the Elko quantum field respects the symmetries of
the Poincaré group. In answering this question it becomes very important to understand how
the axioms of Quantum Mechanics, together with the symmetries of Special Relativity, come
together to result in quantum field operators acting on state kets in Hilbert space.

We show [47][48] (see also Sec. (4.2)) that the Elko quantum field does not respect the
symmetries of the Lorentz group by examining the transformation properties of Elko fields
under rotations. We do this by considering the interplay between the infinite-dimensional
unitary representation of the Lorentz group on the state space and the finite-dimensional
representations of the Lorentz group acting on the space of spinors. Elko fields are therefore
not quantum fields in the sense of Weinberg. Later, in [49] Ahluwalia et al. explicitly stated
that the rotational symmetries were violated and proposed an axis of locality for Elko fields.
Our result had quickly caused a paradigm shift in the way Elko fields were understood,
significantly altering the physics of Elko fields.

The question then arises whether a subgroup of the Poincaré group containing only one
symmetry preserving rotation axis, and thereby automatically picking out a preferred direc-
tion, can give rise to the derivation of the Elko quantum field. The answer to this question
quickly becomes apparent in the negative. See Sec. (4.5). The states are then labeled only
by a single continuous label, giving the eigenvalues of the four-momentum operator. To have
any hope of deriving the Elko quantum field, the states on the Hilbert space must have a
two-valued discrete index in addition to the continuous index.

The next natural question which arises, is whether the Elko quantum field “feels” the whole
Poincaré symmetry group but simply breaks the symmetry. We show in Sec. (4.3) that no
field operator having spinors of the generic Elko form satisfies the locality conditions which
must be satisfied in order to respect the Cluster Decomposition Principle.}

Another question we ask, is whether the Elko quantum fields could fit in with one of the
non-standard Wigner classes, which are the non-standard solutions to what the state space

can look like given the unitary representations of the Poincaré spacetime symmetries. Af-

#We say more on the Cluster Decomposition Principle in Sec. (2.12), but it is basically the principle that

far away events should not interfere with each other.
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ter all, the charge conjugation and parity operators, at the level of the finite-dimensional
representations which act on the space of spinors, have the non-standard commutation/anti-
commutation relations instead of the standard Dirac commutation/anti-commutation rela-
tions. We also asked, if one could find among the non-standard quantum fields, any dark
matter candidates at all, whether they be Elko, or otherwise. We show in Chapter 5 that
there is a possible massive spin-1/2 dark matter candidate which is both local and a quantum
field in the sense of Weinberg. The Elko field does not arise from any of the non-standard
Wigner classes despite the properties of the Elko spinors (see Sec. (5.4)).

All of these investigations we here undertake concerning Elko quantum fields and general
massive spin-1/2 non-standard quantum fields are based on the fundamental tenets of Quan-
tum Field Theory, some of the technical details of which become very important because
Weinberg’s formalism gives a clear way of answering the question of how to construct a well
defined quantum field. Because of this, in the next chapter we review many of the core foun-
dations on which Quantum Field Theory is built in the logical order of successive ideas as
proposed by Weinberg. Many of the technical details in Chapter 2 are crucial to the analysis
in Chapters 3 and 4. We have put Chapter 2 together in a logical order of theoretical de-
velopment rather than of historical development. We see the crucial sequence of ideas which
naturally follow on from one to the next as more enlightening and useful (and more relevant)
to aid in developing a deeper understanding of the theory and for being able to more easily
see with greater clarity how to handle the questions posed in Chapters 4, 5 and 6.

We start Chapter 2, entirely a review of existing material, by defining the Poincaré group
(Sec. (2.2)). This is followed by a statement of the three fundamental axioms of Quantum
Mechanics in Sec. (2.3). In Sec. (2.4) we introduce symmetry operators on the state space.
We then show what the Hilbert space of physical states looks like in Sec. (2.5). After this,
we give the formulas for how the symmetry operators corresponding to Poincaré spacetime
symmetries act on the states, for the case of massive particles. Following this, we introduce
the multiparticle Hilbert space in Sec. (2.6). We state how the symmetry operators act
on these states for the case of massive particles. After this, we introduce the creation and
annihilation operators in Sec. (2.7), followed by internal symmetry operators in Sec. (2.8),
which correspond to internal symmetry transformations which do not necessarily depend on
the Poincaré spacetime symmetries. After we have introduced these things, we move on to
scattering theory and perturbation theory in Sec. (2.10) and Sec. (2.11), touching on it enough
to present the essential ideas that are central to the logical flow of ideas needed to arrive at
the quantum field operators. We also present the S-operator which we use when working out
a hypothetical scattering cross-section between an Elko particle and a Dirac particle, via the
exchange of a U(1) gauge quantum in Sec. (3.10). In general, the S-operator links initial and
final free particle states associated with some interaction. We explain this further in Chapter
2. Following this, we present the basic idea of the Cluster Decomposition Principle in Sec.

(2.12). Finally, in Sec. (2.13), we introduce the quantum field operators and end that section

11
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with formulas for deriving the coefficient functions for massive quantum fields of arbitrary
spin. In Sec. (2.14), we introduce the concept of antiparticles. In Sec. (2.15) we then outline
how quantum fields are used, once they have been written down and introduce the concept
of the gauge principle in Sec. (2.15.1) and illustrate how to get the free particle Lagrangian
for the case of a scalar field in Sec. (2.15.2). We finish the chapter with Sec. (2.16) which
introduces many core concepts in the Electroweak Theory which are relevant to the work in
Chapter 6, where the concept of mass dimensionality transmutation is studied.

Chapter 3 starts with a short Elko review. We give the explicit form of the Elko spinors
and also the form of the new dual. We then present the orthogonality and completeness
relations for the Elko spinors and we point out that the Elko spinors do not obey the Dirac
equation. The non-trivial connection between the spin sums and the wave operators for both
Dirac and Elko spinors is given. The Elko propagator is then given, followed by the vacuum
energy and the establishing of the fermionic statistics. We explain how the original version
of the Elko quantum field was non-local, in a sense to be explained in Chapter 3, and how
the modified Elko field is local in the sense to be explained at the end of Sec. (3.2.2) (but not
local in the causal sense of Sec. (4.4)). We also explain how Elko might be viewed as a dark
matter candidate.

Chapter 3 is about Elko fields and Elko interactions. We take the Elko field as a given,
and ask what can we do with it? We first give a review of the Elko field. There are different
variations of the Elko field so for consistency, we use the Elko field and take advantage of the
results as found in [34]. The Elko Lagrangian is taken to be the Klein-Gordon Lagrangian and
we argue that this Lagrangian is invariant under U(1) gauge transformations in Sec. (3.3).
In that section and in Sec. (3.4) we also describe some areas of incompleteness in Elko Field
Theory. In Sec. (3.5) we proceed to illustrate general Elko non-abelian gauge symmetries of
Elko Lagrangians of general Elko multiplets of Elko fields. We then introduce the associated
field strength tensor in Sec. (3.5.3). Following this, in Sec. (3.6) we derive the form of the
free particle Hamiltonian and then in Sec. (3.7) form the interaction Hamiltonian density
that results from local U(1) gauge invariance of the Elko Klein-Gordon Lagrangian density.
In Sec. (3.8) we check the canonical anti-commutation relations with the altered canonically
conjugate field momentum which is altered due to the U(1) gauge transformations. In Sec.
(3.9) we give the form of the Elko and Dirac symmetry currents and then use them in the
following section on a hypothetical scattering of an Elko particle with a Dirac particle via the
exchange of a U(1) gauge quantum. We follow this with a cross-section calculation in Sec.
(3.10.1) and then finish the chapter by looking at a contribution to the S-matrix at the loop
correction level.

Chapter 4 concerns the question where do Elko quantum fields fit into the general formalism
of Quantum Field Theory? Or, in other words, how can we derive the Elko quantum field?
We start Chapter 4 by showing that the Elko field is not a quantum field in the sense of
Weinberg. This (Sec. (4.2)) is one of the main results of the thesis. In Sec. (4.3) we consider

12
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whether the Elko field can be derived by demanding the less restrictive condition that it only
respects a subset of the Poincaré spacetime symmetries. We consider these results to also be
of central importance in the thesis. In Sec. (4.4) we consider Elko field causality issues. We
finish the chapter by looking at the Very Special Relativity (VSR) cousin of Elko fields. We
argue based on the method of induced representations that if we follow the quantum field
theoretic formalism of Weinberg in the most natural way for the VSR group, the cousin Elko
fields do not arise, further hinting that Elko fields may find their natural theoretical setting
in non-commutative spacetime.

We start Chapter 5 by showing what the non-standard state space looks like. After this,
we take up the problem of how to go about constructing non-standard massive spin-1/2
quantum fields. After this, we undertake a systematic and somewhat lengthy search for
massive spin-1/2 non-standard quantum fields. A candidate for a non-standard quantum
field is finally found. We then discuss the absence of Elko fields among any of the Wigner
classes despite the Elko spinors transforming in spinor space as members of the non-standard
Wigner classes. We then focus on Case 3 among the non-standard Wigner classes and consider
the Lee and Wick Theorem and the C'PT theorem and the relationship between the non-
standard Wigner class and the standard Wigner class. Following this, we examine the new
quantum field and elucidate its basic dynamical properties, including giving the associated
non-standard Lagrangian. We also show that the Majorana condition can be satisfied making
the new quantum field a viable dark matter candidate when the field carries no conserved
quantum numbers. We then move on to examining the new quantum field in the case where
it carries one or more conserved quantum numbers. We conduct the analysis by looking at
the left and right-handed components of the non-standard quantum field and its associated
Lagrangian. We comment on its unusual aspects and suggest that perhaps neutrinos are
non-standard quantum fields. Moreover, we also suggest, based on the unusual properties of
the non-standard Lagrangian, that the right-handed neutrinos and left-handed antineutrinos
may be prime dark matter candidates. We suggest also that their masses might be different
from the left-handed neutrinos and right-handed antineutrinos.

Chapter 6 is more speculative in nature than the other chapters in the thesis. We consider
Elko fields in the context of the Electroweak Theory. We get started by introducing a mass
dimensionality transmutation operation taking the mass dimensionality of Standard Model
fermionic fields from three halves to one. We split the fields up into their left and right-handed
components and link them to the left-handed Elko field components. We then suggest what
this might mean for electroweak interactions. We finish the chapter by once again taking
Elko fields as a given, not worrying about their theoretical origin, and discuss their possible
involvement in electroweak interactions. We argue that Elko darkness would not be due to
any inability on Elko’s part to participate in gauge interactions, but rather would be due to
the general problem of how to detect Elko particles given their non-local aspects. We then

finish the thesis in Chapter 7 with a conclusion.
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We finish Chapter 1 by remarking that we believe that in any physical theory, all of the
allowed “wriggle room” in the mathematics should be fully explored so that the full extent
of the physics may be elucidated and understood. Developing new theories has an important
place in physics but we believe it to be also important to fully explore the existing physical
theories. Checking the existence of existing theories and subjecting them to quality control
may not be glamorous, but it is necessary.

Finally, we wish to state that the we have a conference proceedings paper, [47] and another
paper, [48], involving the contents of Sec. (4.2). We also have another paper, [55], which
involves content taken from Chapter 3, Sec. (4.4) and Chapter 6, regarding Elko’s ability to

interact with Standard Model particles via gauge interactions.
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2 Quantum Field Theory Review

2.1 Introduction

In this thesis we take the point of view that Weinberg’s way of understanding why quantum
fields are the way they are, is a good way to understand Quantum Field Theory. Moreover,
the insights that come with taking this approach are very important to our research into Elko
quantum fields and also to our search for dark matter candidates among the non-standard
Wigner classes.

Consequently, we here have a chapter which reviews those fundamental ideas of Weinberg’s
approach to Quantum Field Theory [9][10][56][42][21]. This produces the needed insights
which we have used in our research on Elko quantum fields and non-standard quantum fields.

We here closely follow the main points of Weinberg’s exposition of the fundamental tenets
of Quantum Field Theory to the point of having explicit formulas for the construction of
any massive quantum field of any spin for the case of the standard Wigner class. All of the
material in this chapter is standard and is found throughout the literature on Quantum Field
Theory but the sequence of ideas motivating and then defining quantum fields, is, to the
best of our knowledge, unique to Weinberg. We then introduce key ideas in the canonical
formalism, gauge theory and the Electroweak Theory that will be relevant for the work in
this thesis.

The development of this chapter proceeds as follows:

We first define the Poincaré group. We then state the three fundamental axioms of Quantum
Mechanics. We then define symmetry operators on the state space, which correspond to
symmetry transformations belonging to underlying symmetry groups. We then say what
the massive one particle Hilbert space of physical states can look like, according to Wigner’s
analysis [52]. Following this, we show how the operators corresponding to Poincaré spacetime
symmetry transformations act on the basis kets in the one particle Hilbert space for the
case of massive particles. We then give the multiparticle Hilbert space, according to the
standard Wigner class and say how the Poincaré symmetry operators act on multiparticle
states containing multiple massive particles.

After this we move on to defining the creation and annihilation operators on the multipar-
ticle Hilbert space and we also introduce the internal symmetry operators corresponding to
internal symmetry transformations, which do not explicitly depend on the Poincaré space-

time symmetries. Then we give the transformation formulas for the creation and annihilation
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operators under the operators corresponding to the Poincaré spacetime transformations as
well as under the operators corresponding to arbitrary internal symmetry transformations.

We then move on to giving a brief but broad outline of scattering theory and state some
of the core parts of it which will allow us to make use of it when dealing with Elko field
interactions in the following chapter. We also outline those essential aspects of perturbation
theory which will give us an operational feel for how to use it.

We then briefly outline the remaining concept which is essential to setting the stage to
introduce matter field operators, namely the Cluster Decomposition Principle.

Having done this, we introduce the field operators and use their transformation properties
under the action of the symmetry operators corresponding to Poincaré spacetime transfor-
mations in order to derive explicit formulas enabling us to calculate the coefficient functions
for the field operators. These formulas are the most essential part of the chapter as it is these
which allow us to determine whether Elko fields respect Poincaré spacetime symmetries when
the Hilbert space is defined by the standard Wigner class. Also, these same formulas turn
out to be applicable to the construction of field operators on the state space which defines
the non-standard Wigner classes. Following this, we introduce the notion of antiparticles and
then summarize what to do with a quantum field once we have one, by saying a bit about the
canonical formalism and the gauge principle. We finish the chapter by introducing some of
the key ideas in the Electroweak Theory relevant to our work in Chapter 6 concerning mass

dimensionality one fermions in the context of electroweak interactions.

2.2 The Poincaré Group

As will be discussed in the section on symmetry operators, a group of symmetry transfor-
mations has a representation on the state space given by a set of (anti)unitary operators on
the state space. This in turn helps tell us what the Hilbert space of physical states must
look like. Before discussing any of this, we need to understand what the underlying group of
symmetry transformations on flat spacetime looks like. Quantum Field Theory results from
combining Quantum Mechanics with Special Relativity, so the underlying spacetime is the

Minkowski spacetime with the Minkowski metric being given by
ds® = nydatds” = dt* — da® — dy* — dz? (2.1)

where here 7, is the matrix

Ny = (2.2)

o o O
|
—_
o
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Usually 7,,,, is itself called the metric. The Poincaré group is the group of symmetries* of this
metric. These symmetries are generated by three rotations parametrized by a total of three
parameters, three boosts, also parametrized by a total of three parameters, four spacetime
translations, parametrized by a total of four parameters, and two discrete transformations,
space reversal and time reversal. The set of spacetime translation symmetry transformations
is given by the four-vector a and the set of rotations and boosts is given by matrices denoted
by A. The general form of a coordinate transformation under an arbitrary rotation, boost,

and translation, is given by
o = Az 4 ot (2.3)

If we now perform an arbitrary symmetry transformation of the same type (meaning no space

or time reversal transformations involved), to this now transformed spacetime point, we get
2 = AP+ (2.4)

which becomes
o = AP AY of + A a” + at. (2.5)

We can now see that for a pair of group elements (A, a), the group multiplication law is
(A,a)(A,a) = (AA, Aa + a). (2.6)

The space inversion discrete symmetry called parity, is given by the matrix P, numerically
equal to 7,,. The time reversal discrete symmetry, just called time reversal, is given by the
matrix 7, numerically the negative of the matrix 7,,. The group composition law follows
by inserting a P or T instead of a A in the above. The subgroup of the Poincaré group
generated by the rotation, boost, and translation generators is called the strict Poincaré
group. The subgroup of the Poincaré group generated by the rotations and boosts together
with space and time inversions is called the Lorentz group. The subgroup of the Poincaré
group generated by the generators of boosts and rotations is called the strict Lorentz group.
The discrete transformations are very important, as it is the inclusion of these transformations
which gives rise to the four Wigner classes which describe what the Hilbert space can look
like, given the Poincaré group of spacetime symmetries. If there were no discrete symmetries,
there would be no distinction between the Wigner classes and there would only be one way
the (one particle) state space could be set up.

Furthermore, if we label the Poincaré group by PP, and the strict Poincaré group by PV, the

Poincaré group can be expressed as the union of four cosets:
P =P uUPP’UTP’UPTE. (2.7)

If we know the representation p|po of the strict Poincaré group, and if we also know p(P),

p(T) and p(PT), then we know p and can say what the multiplication law is for a given

*For a precise definition of what is meant by a symmetry, see, for example, [6, p.436].
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representation of the entire Poincaré group PP, since, for example

p(PA) = p(P)p(A). (2.8)

With this essential knowledge, we now move on to giving the fundamental axioms of Quantum
Mechanics, before moving on to symmetry operators, after which we will make use of some

of the things which were pointed out here.

2.3 Quantum Mechanical Axioms

There are three central axioms which govern the mathematical setting in which Quantum
Mechanics, and, therefore, Quantum Field Theory is done. The first axiom states that
physical states are represented by rays in Hilbert space. A ray, R, is a set of vectors whose
elements differ from each other by a unimodular phase . Usually there are more general
definitions for a ray where the phases are not restricted to be unimodular (but still nonzero).
The explanation for this restriction here is as follows. The norm (¥|®) is positive definite.
This, combined with the third axiom below (that the squares of inner products of state kets
are interpreted as probabilities), and combined with our stated axiom here that physical states
are represented by entire rays, rather than picking out special vectors within the ray, enforce
that (¥|W) = 1 for every vector |¥) in the ray. If we now take another vector |¥)" = ¢ |¥) of

the same ray and form the inner product of |¥)" with itself, we have
(O|0) = (EV[ET) = £ (VW) = 1 (2.9)

which forces [£| to be 1.

The second axiom states that observables are represented by Hermitian operators on the
Hilbert space. The third axiom states that given a system in a state represented by a ray
R, the probability of finding the state in one of a set of mutually orthogonal rays R, Ro,. ..
say the state R, is given by

P(R = Ry) = | (alBa) (2.10)

where |a) belongs to R and |3,) belongs to R,. For a complete set of states |a,), the

probabilities must sum to unity:

Y P(R—Ry) =1 (2.11)

In the next section, we introduce the symmetry representation theorem, which allows us to
set up operators on the Hilbert space of physical states, that are associated with symmetry

transformations on Minkowski spacetime.

2.4 Symmetry Operators

In this section, we introduce the concept of symmetry operators on the Hilbert space.
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The first crucial observation, is that a symmetry transformation should not affect the out-
come of an experiment since a symmetry transformation just represents a change in our point
of view. The results of an experiment should not be observer dependent. All observers of
the same event should be able to compare their observations and describe the same physics.
Given this, it follows that the probability of a state belonging to a ray R going to a state be-
longing to a ray R, should be equal to the probability of going from a symmetry transformed

ray R’ to the symmetry transformed state R, so we demand
P(R - R,)=PR —R,). (2.12)

The second key idea concerning symmetry operators is Wigner’s Symmetry Representation
Theorem [57], which says that for a symmetry transformation corresponding to a vector in a
ray R getting mapped to a vector in ray R’, there exists an operator U on the Hilbert space
which can be defined as either both unitary and linear, or else antiunitary and antilinear.
Since these unitary or antiunitary operators correspond to symmetry transformations, they
also mimic the group composition law of the underlying symmetry group. However, a signifi-
cant difference arises between the multiplication of the symmetry operators and the composi-
tion law for the symmetry transformations themselves, because the symmetry operators map
an element of a ray to an element of a ray, rather than mapping a ray to a ray. The result
is that, in general, the symmetry operators can form a projective representation, which is a
representation up to a phase. So for example, if we have a group of symmetry transformations

with group elements represented by p(7T;), so that

p(T1)p(12) = p(Th13) (2.13)

then the corresponding multiplication law for the symmetry operators is
U(T)U (Ty) = T2y (T Ty) (2.14)

where ¢(T1,T2) € R, and, in general e(T1.T2) cannot necessarily be made to equal unity.
We finish this section by focusing on Lie groups of transformations 7'(@) which depend on
a set of a continuous parameters . We continue following Weinberg [42, p.53-55]. In terms

of these continuous parameters the group composition law takes the form

T(0)T(0) =T(f(6,0)). (2.15)

For ordinary unitary representations of the Lie group on Hilbert space, the group composition

law takes the form

U(T(9))U(T(8)) = U(T(f(8,6))). (2.16)

Since every element of the group is connected to the identity by a continuous path within the

group, we can see what the representations look like in more detail by considering infinitesimal
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translations in the neighborhood of the identity element. By expanding the functions £%(6, 0)

and unitary operators U(7'(€)) in power series we obtain, to second order:
790,0) = 6% + 0% + f° _056° + - - - (2.17)
and
1
U(T(0)) =1+ i0t, + 50"9%;,0 4o (2.18)

respectively. The f¢ _ are coefficients. The unitarity of U(7'(6)) leads directly to the result
that the ¢, tpe,... are hermitian operators. By rewriting Eqn. (2.16) in its infinitesimal power
series expanded form, and equating the 86 terms on both sides of the equation, we obtain
the condition

the = —tpte — i f%cta (2.19)

The coefficients 6°0¢ of ty. in the expansion Eqn. (2.16) imply that the operators t;. are

symmetric so that t,. = t., so if we note that
tep = —tetp — ifacbta (2.20)

we can subtract Eqn. (2.19) from Eqn. (2.20) which yields

[ty te] = i(f e — [ w)ta- (2.21)

Upon defining the structure constants C%, = f9_ — f%,, we have a Lie algebra with Lie
brackets given by

[th, te] = iC% ta- (2.22)

It should be noted here that the ¢ appearing explicitly in the Lie algebra does not mean that
the Lie algebra is complexified necessarily, but is there to make the generators end up being
hermitian. The finite transformations represented in Hilbert space by U(T'(0)) are obtained
from the infinitesimal representations by exponentiation.

For symmetry operators U(7'(0)) representing finite transformations 7', of an abelian group

which depend on a set of a continuous parameters 8, U(T'(0)) is given by
U(T(0)) = explit,8?]. (2.23)

For a general group, each U(7'(0)) might consist of products of exponentials where the order
of operation matters, and is often the case if the underlying symmetry group is non-Abelian.
Now that symmetry operators have been introduced, we can move on to saying what the

Hilbert space of one particle physical states looks like.

2.5 The Hilbert Space H; of One Particle Physical States

If a physical state respects the group of Poincaré spacetime symmetries, the Hilbert space

must carry a projective (anti)unitary representation of the Poincaré group. At this point, it
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becomes a question of mathematics as to what the Hilbert space Hi of one particle states
can look like. Wigner showed that there are four solutions [52]. One of the solutions, the
“standard Wigner class,” is the solution that we present here. We present the other three
solutions, the “non-standard Wigner classes,” in Chapter 5. The one particle Hilbert space
H, for a massive particle of mass m, is spanned by basis kets of the form |p,o).! These
basis kets are simultaneous eigenkets of the four-momentum operator P* with eigenvalue p*,
which has a three-momentum component of p, and the spin-z angular momentum generator

J, with eigenvalue o, so that
Ptlp,o) =p'|p,o), J.|0,0)=0]0,0). (2.24)

There are infinitely many basis kets, each of the form |p,o) which span H;. The three-
momentum p runs over all possible values and there are infinitely many. The discrete index
o runs over a finite range of values, determined by the spin of the particle. For spin-j, o has
2j + 1 values. Any two kets |p,o) and |p’,0’) are normalized so that the inner product is
given by

(|p';0"),|p,0)) = (p',0'|p,0) = §° (P — P)boro- (2.25)

By the Symmetry Representation Theorem, for the pair of elements (A,a) there exists a
corresponding unitary and linear operator U(A,a) on Hj. Similarly, for space inversion
(P,0) and time reversal (T, 0), there exists a corresponding unitary and linear parity operator
U(P,0) and antiunitary and antilinear operator U(T,0) respectively, each also defined on Hj.

Before we say what these operators U(A, a), U(P,0) and U(T,0) do to the basis kets |p, o),
we first observe that each representation with p® > 0, can be characterized by a standard four-
momentum k* = (m,0,0,0). Each momentum value can be given in terms of this standard

four-momentum by applying a (matrix) boost operator L(p) to k* so that
P = LA (). (2.26)

There exists a subgroup of strict Lorentz transformations, W (A, p), called the little group,

which is defined as the group of spacetime transformations
W(A,p) = L™ (Ap)AL(p) (2.27)

which leave the standard four-momentum invariant. By the symmetry representation theo-
rem, there exist corresponding unitary and linear operators U(W) on H;. These operators

act on the kets |k, o) by producing a linear combination of kets with a fixed index & so that

UMW)k, @) =D Dag(W(A,p)) [k, 7). (2:28)

"The vectors spanning the Hilbert space Hy, actually look like 3" [ d*py(p, o) |p, o) but it is sufficient to
just work with the kets themselves, which is the standard practice, so we will speak of the basis kets as if they

were the actual basis vectors spanning H;.
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From this, and the group multiplication law that the U(W) obey, it follows that these D’s

satisfy
Dotog(WW) =" Dorgn (W) Dgrg(W). (2.29)

For the case of positive energy massive particles, this little group is the group of rotations
SO(3) and the D(W)’s furnish an irreducible representation of SO(3) for each fixed value
of spin-j. With these D’s defined, the operation of acting on a basis ket |p, o) with U(A,a)

yields

U(h,0) Ip.o) = | R0 57 D (WA 9) o). (2:30)

The parity operator U(P,0) on H; acts on |p, o) to give

U(P,0)|p,0) =nlp,0) (2.31)

where 7 is the phase factor called the intrinsic parity of the particle. The time reversal

operator U(T,0) has the following action on |p,o):
1
U(T.,0)[p,o) =(-1)2"7 |-p,—0). (2.32)

We might like to put a phase factor on the right hand side here but since the time reversal
operator is antilinear, the states can always be redefined so that the phase factor cancels with

the phase factor coming from the redefined state. Explicitly, if we redefine a state

Ip,o)' =¥ |p, o), (2.33)
and redefine U(T,0) so that
U(T.0)|p.0) = €(=1)2 " [p.0). (2:34)
we then have:
U(T,0)|p,o) = U(T,0)” |p,o) (2.35)

= ¢ PU(T,0)|p.o)

= ¢ (-1)777|-p, o)

= O (-1)777e B |—p, o)
1
279 |—

which can be set equal to (—1) p, —o)’ by setting a = 2.

2.6 The Multiparticle Hilbert Space of Physical States

In this section, we introduce general multiparticle states in a multiparticle Hilbert space H.

Firstly, the total Hilbert space H(™ of a particular species n, of particle, is given by either
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2.6 The Multiparticle Hilbert Space of Physical States

the symmetrized or antisymmetrized tensor product of one particle Hilbert spaces an),

depending on whether the particle is bosonic or fermionict respectively, so that
H™ —HPQHI®--- . (2.36)

We abuse notation and simply write the symmetrized and antisymmetrized tensor products
as ®.

The total Hilbert space H, of all numbers of particles of r species of particle, is given by
I8
H=HmM gy g...qoHg") = @H(”j). (2.37)
j=1

Because we know what the one particle Hilbert space H; looks like, we automatically know
what the total state space H looks like, and, furthermore, we also automatically know what
the (anti)unitary symmetry operators corresponding to the Poincaré spacetime transforma-
tions must look like because the total state space H inherits a representation from the one
particle state space H;. We denote the Hilbert space containing states with no particles as

Hy, and it is spanned by a single ket |0) called the vacuum ket, normalized so that
(0]0) = 1. (2.38)

The vacuum state is defined to be a simultaneous eigenket of all symmetry operators with
eigenvalue unity. As a matter of notation, we denote the basis kets of H(™ for a particle of

species n by:
[P1, 01,115 P2,02,115 - ) = [P1,01,11) ® [P2,02,11) @ -+ - . (2.39)
More generally, we represent a general base ket belonging to the total state space H, by
|p1,o1,n1;- -+ 5P, 01, n25 -+ ) = P10, M) ® - @ |l ol ng) @ (2.40)

The formulas for the multiparticle symmetry operators are determined by the one particle
case, so, for example, for the action of the multiparticle U(A,a) on H (belonging to the

standard Wigner class) we have’:

U(A,CL) |p1,01,n1;p2,02,n2; .. > = U(A,a)(|p1,01,n1) ® |p2,02,n2> ® .. ) (241)

(Apl)O(Apg)O ce %

= (U1(A, 0) [p1, 01, 71)) © (Us(A, ) [p2, 72,m2)) & -+ = \/ T

e~ pr P2t ) ay Z D((,?JI(W(A,pl))D(”) (W(A,p2))...|P1a, 01, n1iPan, 09, m2; ... ) .

/
0502
! !
010%...

fA bosonic particle is characterized by having integer spin and a fermionic particle is characterized by
having half integer spin.
8 Assuming that all of the particles in the state have positive mass, m > 0.
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2 Quantum Field Theory Review
The action on H by the multiparticle parity operator U(P,0) is given, for example, by

U(P,0)|p1,01,n1;P2,02,12; ... ) = Ny Mg - - - |—P1, 01, M1; —P2, 02,125 ... ) . (2.42)

where the intrinsic parities are species dependent, as indicated by the subscript n. We

illustrate the action of the multiparticle time reversal operator U(T,0) on H by:

U(T,0) |p1,01,m1; P2, 02,095 ... ) = (=117 (=1)27% . |=p1, =01, 015 —P2, =09, 125 ... ) .

(2.43)
To illustrate a general action of an operator corresponding to a general Poincaré spacetime
transformation, including rotations, boosts, translations, and either space reversal or time

reversal, we have

Ap1)2(Ap2)0 ... .
U(P,0)U(A, a) [p1,01, 115 P2, 02,25 ... ) = \/( Pl)o(opz) eI APTEAP (9 44
PPy - - -

x 3 DU (WA, p))DY (WA, p2)) - |[=P1a, 01, m1; —Pan, 05, mai )
0104...

and

. . 0 0
U(T,0)U(A,a)|p1,01,n1;P2,02,n92;...) = (=117 (=1)72772 .. \/(Ap1> (Ap2)°...

pips. ..
(2.45)
—i(Ap1+Apa+... )1 j j
xe~lhm At an N pUDT (WA, p) DI, (WA, p)) - X
oioh...
{_p1A7 Uianl; —P2A, 0-/27”2; cee > .
In the above, the states are normalized so that the inner product is given by

<p/1) 0-/17 n/la p/2) O-é) n/2a cee ’p17 01,N1;P2,02,N2; ... > — (246)

53(13/1 - pl)(sa’lo'l 6n’1n1 53(})/2 - p2)50’2025n’2n2 sk permUtationS-

2.7 Creation and Annihilation Operators

A creation operator af(p, o, n) on H is defined by its action on a state ket of adding a particle
with an extra set of quantum labels to the start of the list of indices labeling the state ket.
More explicitly:

aT(p,a, n)|p1,01,n1;...) = |P,0,n;P1,01,N15 ... ). (2.47)
With this operator all state vectors can be related to the vacuum state by “pulling out”

enough creation operators so that:

|p1,01,n1; P2, 002, n9;...) = aT(pl, Ul,nl)aT(pg, 02,m2)...]0). (2.48)
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2.8 Internal Symmetry Operators

The adjoint a(p, o,n), of the creation operator af(p, o, n), is interpreted as being the operator
which annihilates a particle of a given set of quantum numbers from the state vector.¥ From
the way creation and annihilation operators operate on multiparticle states, the following
three operator relations are implied:

For two fermions, we have the anti-commutation relations:
{a(p1,01,m1),a' (P2, 02, m2)} = a(p1,01,n1)al (P2, 02, n2) +a' (P2, 72, n2)a(pr, o1,m1) (2.49)

= 6°(P1 — P2)0o1020n1nz
{a!(p1,01,m1),a" (P2, 02,n2)} = a¥(p1, 01, n1)al (P2, 02, m2) + @l (2, 02, na)al (P, 01, m1) = 0
(2.50)
{a(p1,01,n1),a(p2, 02,12)} = a(p1, 01, n1)a(p2;, 02,n2) + a(p2, 02, n2)a(p1, 01,11) = 0,
(2.51)
and the following operator commutation relations are implied if one or both particles are

bosons:
la(p1,01,11),al (P2, 02,m2)] = a(p1,01,m1)a’ (P2, 02, n2) — a' (P2, 02, n2)a(p1, 01, m1) (2.52)

= 63(1)1 - p2)501025n1n2
[at(p1,01,m1),al (P2, 02, m2)] = a'(p1, 01, m1)a’ (P2, o9, n2) — al (P2, 02, n2)al (p1,01,m1) = 0
(2.53)

la(p1,01,n1),a(p2,02,n2)] = a(p1,01,n1)a(p2, 02, n2) — a(p2, 02, n2)a(p1,01,n1) = 0.
(2.54)

2.8 Internal Symmetry Operators

There are also other symmetry operators that act on the Hilbert space of physical states
called internal symmetry operators Sz. They correspond to other quantities which remain
invariant in all inertial reference frames. The unitary internal symmetry operators Sz, are

defined on the state space as

Sz|P1,01,n13P2,02,m2;--) = Y Dyt (S2) Dy (S7) - - (2.55)
...
X ’pl,Ul,n/ﬁp%Jz,né; e > .

for unitary matrices Dn;m(SZ). By direct calculation, we see that these internal symmetry
operators commute with the operators U(A,a) and U(P,0) whereas in general, the Sz do
not commute with U(7,0) because of the antilinear nature of U(7,0) and the fact that
in general D(Sz) # D*(Sz). Another important feature of internal symmetry operators is
that by definition they commute with both the free particle and interaction parts of the
Hamiltonian [42, p.122].

TFor more on how the annihilation operator works, see [42, p.173-174].
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2.9 Transformation Formulas for the Creation and Annihilation

Operators under the Symmetry Operators
Finally, in order for a multi-particle state
IP1, 01,13 P2, 02,m2; ... ) = al (p1, 01, n1)al (p2, 02,m2) . .. |0)

to transform Correctly,” the creation operators each transform as

U(Aa)al(p. . m)U(A, )~ = e o, App ZD(J") W(A,p))al (pa,o’,n)

U(P,0)a’(p,o,n)U(P,0)"" = nual(—p, o, n)
U(T, O)aT(p,a, n)U(T,0)! = (—l)j"_“aT(—p, —o,n).
Also, we have

SICL va ’I’l ann SI p)o-v Tl/).

The annihilation operators transform as

U(A,a)a(p,o,n)U(A,a)~" = AP an j;p ST DU (W (A, p))alpa, o’ )

U(P,0)a(p,o,n)U(P,0)" = na(—p,o,n)
U(T,0)a(p,o,n)U(T,0)"! = (=1)"7a(—p, —0,n)

and

Sza(p,0,n)S7" =) Dyn(S1)a(p, 0,7).

n/

We motivate these formulas by deriving Eqn. (2.58). Consider the state
U(P,0) |p,a,n;p1,01,71; P2, 02,125+ ) -

If we rewrite this as

U(Pa O)QT(pa g, n) ‘plval)nl; P2,02,N2; >

and insert 1 = U(P,0)~tU(P,0) to obtain
U(P,0)a’ (p,o,n)U(P,0)"'U(P,0) [p1, 01,715 P2, 02, n9; -+ ) ,
then by recalling Eqn. (2.42), we get

U(P,0)al (p, o, n)U(P,0) Y0 1y - - - |—P1, 01, 115 —P2, 02,1125+ -+ ) .

IThe vacuum state is Lorentz invariant so that U (A, a)|0) = |0), U(P,0)]0) = |0) and U(T,0)]0) =
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(2.63)
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(2.66)
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2.10 Scattering Theory and the S-Matrix

But
U(P) O) |p7 g, n;P1,01,N1;P2,02,1M92; " > =MnMniMny " ° ‘_pa o,n; —p1,01,N1; —P2,02,N2; - >
(2.69)
which can be rewritten as
nnaT(_pa g, n)nnlan T |_p1a 01,Nn1; —P2,02,N2; " - > (270)

so we can compare Eqn. (2.68) with Eqn. (2.70) and write Eqn. (2.58).

2.10 Scattering Theory and the S-Matrix

In this section and the next, we review the central results and concepts used to think about
particle interactions. In what follows, we have in mind situations such that free particles
converge towards each other from large distances apart, and interact in a small region and
then the resulting particles fly away and become free particles again at large distances from
the region of interaction. In what has previously been described in this chapter until now,
we have only been describing free particle states. The formulas given for how the states are
transformed by symmetry operators hold for states that can be considered free particle states
and it is not to be assumed that those formulas apply during the process of an interaction.
We do not consider here the finer points of what will happen in the relatively small region
where an interaction takes place.

In this section and the next, we first discuss in and out states, followed by defining the
S-matrix. We then relate in and out states to free states and then use this to re-express
the S-matrix in terms of free states, connected by the S-operator. The standard manifestly
Lorentz invariant formula for the S-operator is then derived.

The physical states described so far are thought of as not evolving in time. The entire
spacetime history of the state is encoded in the state ket. This is what is usually referred to
as the Heisenberg picture of Quantum Mechanics. Because of this, Weinberg does not define
free particle in and out states (“in” meaning “before the interaction” and “out” meaning
“after” the interaction) as being the limits as ¢ — oo of a time-dependent state vector
because such a vector has not been defined here. The formalism of having time-dependent
state vectors is usually referred to as the Schrodinger picture of Quantum Mechanics.

Weinberg defines in and out states, [p™,o7,n") and |p~,07,n7) to be states that would
be accurately labeled by p, o and n at ¢t — —oo and t — oo respectively. This definition
depends on the inertial reference frame of the observer, and is not necessarily the same thing
as a free state.

The S-matrix is the matrix whose entries are the probability amplitudes for starting with

a certain state |in) and after an interaction, ending up with a certain out state |out) so the
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2 Quantum Field Theory Review

elements Sg,** of the S-matrix are given by

Sga = (outlin) . (2.71)

2.11 Symmetries of the S-Matrix

The following deals with the invariance of the S-matrix under various symmetries and with
what the conditions on the Hamiltonian operator H = P are that will ensure such invariance

properties. The S-matrix is said to be invariant under strict Poincaré transformations, if
Spa = (B~ la") = (B7|UT(A, @)U (A, a) o) (2.72)

with the U(A, a) acting the same way on both in and out states. More explicitly, we have

S

P

jap AL (py +o—pr—..) | (Ap1)0 ... (Ap))°
0/171'1-~-P101n1 = 'U (py + 141 ) 5 5 1 % (273)
py.py

. G
Z Dzilirl (W(Aupl)) T Z Da-’lé-i (W(A’p/l)) s SAp’lﬁin’l...Ap161n1...'
a1 7).

From the Born approximation!!, we can write the part of the S-matrix that represents inter-

actions among particular particles in the form
Spa — (8 — @) = —21iMpad* (D5 — Pa)- (2.74)

It is only for certain choices of Hamiltonian that there exists a unitary operator that acts
on the definition as both “in” and “out” states. As will be explained in more detail in Sec.
(2.15) on how to work with quantum fields, the Hamiltonian operator is the generator of time
translations and consequently is fundamentally important to Quantum Field Theory. In the
type of Quantum Field Theory we consider in this thesis, the effect of interactions is to add
an interaction term V to the Hamiltonian (the full Hamiltonian operator for an interacting
system is written by adding the free particle Hamiltonian with another operator that deals
with the time evolution of an interaction, which is called the interaction Hamiltonian, or
sometimes just called the interaction) while leaving the momentum and angular momentum
unchanged*:

H=Hy+V, P=PF, J=J. (2.75)

On the other hand, since

(K}, P]] = —iHoo",  [K', P/ = —iH§" (2.76)

**Usually the overall S-matrix itself is referred to by the same symbol as its elements and is also called

Sga. The context is needed to work out which is which in the literature.
1See, for example, [58, sec.7.2, p.386-390].
#Here, the subscripts “0” mean the operators previously defined on H by their action on the free particle

states.
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it is not possible to set the boost operator K equal to its free particle counterpart Ky, because
then H = Hy which is not the case in the presence of interactions. So when V is added to

Hy, a correction W needs to be added to the boost generator:
K=Ky,+W. (2.77)

Using this K, it can be shown® that P, J and K act the same way on both “in” and “out”
states. 19

The in and out states are related to free states carrying the same labels, by an operator

given by***
- 1 iHT —iHoT
Q(Foo) = nglooe e (2.78)
so that
lin/out) = Q(Fo0) |free) . (2.79)

The S-matrix can now be related to free states by inserting this into the definition of what

the S-matrix demands are:

Sga = (out|in) = lim lim (free;| eHloT o —iHT giHTo o —iHoTo |frees) (2.80)

T—+00 Tg—+—00

iHoTefiH(‘rf‘ro)efiHoTo

= lim lim (freej|e |freeg) .

T—00 Tp——00
Following Weinberg, we refer to the operator above, without taking the indicated limits, as
U(7,710) so that

U(r,m) = eiHOTe_iH(T_TO)e_iHOTO, (2.81)

and the S-operator is defined as being

S=lim lim U(r, 7). (2.82)

T—»00 T9g——00

We now proceed to derive a formula for the S-operator that is manifestly Lorentz invariant.

If we now differentiate U(7, 79) with respect to 7, we get

diU(T’ 7_0) — Z'HoeiHoTeiH(T—To)e—iHoT _ iHeiHOTe_iH(T_TO>€_iHOT. (283)
T

Noting that H = Hy + V' and substituting this in, and multiplying both sides by i gives

’i%U(T, 70) = V(1)U(T,70) (2.84)

where
V(1) = etflomyeithor, (2.85)

$8See [42, p.120].
T91f the requirement is made that the matrix elements of W should be smooth functions of energies and in

particular, should not have singularities of the form (Eg — E,)™"'. See [42, p.119] for more on this.
***The minus sign in the limit is for relating in states to free states and the plus sign in the limit is for

relating out states to the free states. This operator is only useful when acting on smooth superpositions of

energy eigenstates [42, p.111].
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Integrating both sides of the differential equation, using ¢ as the dummy variable of integration

yields

Ult, 7o)dt = / o V(#)U(t, 70)dt (2.86)

t=710

d t=r1
Ydr

which, by the fundamental theorem of calculus gives

t=10

t=T1
iU (7, 70) — U7, 70)] = / VU, 7o) dt. (2.87)
t=70
If we use the initial condition U(7y,79) = 1 and rearrange, we get
Ulr,m) =1 —i / AV (DU (t, 70). (2.88)

70

By iteration, we obtain a formula for U(7, 79) in terms of the interaction V' (¢) to be

Utra) =14 30 [anee [ anvn) v, (2.80)
n=1 i

0 70
If we now have 7 — oo and 179 — —oo, we have the S operator which now takes the form

S—1+4 i(—i)” /OO dt, - --/Oo V(1) - V(). (2.90)
n=1 o0 >

There are two more steps to writing down an expression for the S-operator which is manifestly
Lorentz invariant. The first of these steps is to define the time ordered product T{---} of
operators V(¢;). In the time ordered product the times to the right are always earlier times

than the times to the left. For one operator, we have
T{V(t)} = V(t). (2.91)
The time ordered product of two operators V (¢1) and V (t2) is
T{V(t1)V(t2)} = 0(t1 — t2)V (t1)V (t2) + 0(t2 — t1)V(t2)V (t1) (2.92)

where § = +1 for t > 0 and = 0 for t < 0 (See [59, p.363-365] for more on the theta
function). In general, the time ordered product of n operators V' (t1) -V (t,) is

n

T{V(t1) - V(ta)} = Z H O(ti, —ti,)V (tiy)- (2.93)

Permutations i1,ia=1,i1 #i2
There are n! permutations which need to be taken into account by dividing by n! so when

introducing the time ordered product, we also must introduce a compensating factor % to

obtain

S=1+ i (=) /OO dty - -- /oo dt, T{V (t1) -~V (tn)}. (2.94)

n!

n=1
Since, for free states |i) and |f) we have Sy; = (f|S|i), and we wish this to be Lorentz

invariant, we want

U(A,a)SU(A,a) L = 8S. (2.95)
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This is accomplished iff ! the interaction can be written as the integral over space of a Lorentz

scalar H(x) called the Hamiltonian density. By a Lorentz scalar, we mean that
U(A, a)H(z)U(A,a) " = H(Az + a). (2.96)

Finally, the time ordering is Lorentz invariant between two timelike separated space time
points[42, p.144], if* the Hamiltonian density commutes with itself at spacelike (or lightlike)
separation so that$8

[(H(z),H(z')] =0 for (xz—2')*<0. (2.97)

Expressed in terms of the Lorentz scalar H(z), the formula for the S-operator becomes

S=1+ i (—nz')" /Oo diay - /Oo d*z,T{H(x1) - H(xn)}. (2.98)
n=1 ’ —© 0

We now move on to introduce the concept of the cluster decomposition principle.

2.12 The Cluster Decomposition Principle

If we express the Hamiltonian as a sum of products of creation and annihilation operators,
with suitable non-singular coefficients, the S-matrix will automatically satisfy a crucial re-
quirement, the cluster decomposition principle, which says in effect that distant experiments
yield uncorrelated results.

The cluster decomposition principle implies that an overall S-matrix for interactions taking
place in mutually far away locations, factorizes. There is a theorem which says that the only
known way of constructing a Hamiltonian which will give an S-matrix that satisfies the cluster
decomposition principle, is to have a Hamiltonian that contains only one three-dimensional
momentum-conservation delta function, and the Hamiltonian must also be expressed as a
sum of products of creation and annihilation operators [42, p.182].

In the next section we introduce matter field operators and finish the section with some
formulas that are crucial to showing explicitly in Chapter 4 that the Elko quantum field is not
a quantum field in the sense of Weinberg. The formulas at the end of the next section will also
come in useful when searching for potential dark matter candidates among the non-standard

Wigner classes in Chapter 5.

2.13 Matter Field Operators

In this section, we use the Hamiltonian density Lorentz scalar to identify the quantum field

operators (otherwise known as matter fields) and their form. Weinberg argues that the

H11t is unclear whether it is also “only if.”
¥ But not “only if.”
888 Weinberg uses the metric —dt? 4+ da? + dy® + dz? in contrast to the one we here use so the spacelike

interval here is expressed as (z — 2')? < 0 rather than (z — 2/)? > 0 like it is expressed in [42, p.145] . We

chose the given metric out of habit, with no special reason.
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Hamiltonian density should be constructed out of creation and annihilation operators in
order to make use of the Cluster Decomposition Principle [42, p.191]. The transformation
properties of the creation and annihilation operators af(p, o,n) and a(p, o, n) under Lorentz

(n)

transformations involve matrices Dz’ (W (A, p)) which present a complication to the task
of constructing a Hamiltonian density that is a Lorentz scalar. Weinberg argues that the
solution to this construction problem is to use field operators. It is at this point that the
concept of a field operator enters into the formalism with the approach taken by Weinberg.

We start this section by showing where the creation and annihilation fields ¢, () and
1/12’(35) fit into the picture, whilst simultaneously giving their mathematical form. We then
give the transformation properties these fields must obey in order for the Hamiltonian density
composed from them to transform like a Lorentz scalar. These conditions are then used
to derive formulas which allow us to construct the coefficient functions uy(z;p,o,n) and
ve(z; p, o, n) of arbitrary massive quantum fields of any spin.

It is a fundamental theorem of Quantum Field Theory [42, p.171] that every operator on

the Hilbert space of physical states can be written in the general form

Z Z /dq'l ddydgy . dgyat(q)) .. aT(gdy)alan) - a(q)Cna (d) - - - dvar - - - anr),
N=0M=0

(2.99)
for a set of coefficient functions Cnps(q] - .. ¢y @1 - - - gar). The Hamiltonian can then be written
as

H= / dpy - dpdpt - - - dpQ,H (2.100)
where

H= i i ZZ/d3p’1-"d3p§vd3p1‘--d3pM>< (2.101)

N=0M=0 o n
CNm(PL, 01, M1, 5 3PNy ONs NG P, 01, 13 -+ + 5 PMs OM, UM ) X
aT(p/h 0-/1777’/1) U aT(ple O'GV,TL/N)CL(pM,O'M, nM) U a(pl,O'l,nl), (2102)

which, can be written in terms of constants g .. ey and coefficient functions uy(x; p, o, n)

L1-Lpg

and vy(z; p,o,n) as
(o0 (e.)
LOEDIDID I DD IEDD 943~--e;v,el~--eM/d3p’1"‘d3p§vd3p1~-d3pr (2.103)
N=0M=0 o n gL 1Ly
g (2391, 01,m7) - - g, (25 Py, Oy Wiy ) Ve, (T3 P1, 01, 11) -+ - gy, (25 P, Oar, ) X
a'(p},of,n}) - a' (P, oy, ny)a(Par, onr,nar) - a(p1, o1, 1),

Rearranging things slightly, we have:

7‘[(33) = Z Z Z Z g@’ln-ﬁ'N,ﬁlmﬁM /d3p,1u€'1 (l‘;pllvo-ivnll)aT(pllvo-ivnll) XX

NM on @&WN fl"'f}v]
(2.104)
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/dgp/]VUZ’N(x;p?\haf\hn?\f)aT(pleU?V:'n/]\f)x/dgpMWM(-f;pM’UM;nM)a(pM;UManM)X'"X

/dgplvel(ﬂﬁ;p1,01,n1)a(p1,01,n1)-

The Hamiltonian density can then be expressed as

= Z Z Z gzg...egvzl.‘.zM%_/l(ﬂ?)---wZN(xWZ(x)---i/JZW(ﬂ?)? (2.105)

NM E’lfgv O1.. L

where 1, (z) and v (x) are operators having the form

=Y [ @pudaip.o.map..n) (2.106)

by (2 Z/d?’pve( z;p,o,n)al (p,a,n). (2.107)

o,n

We then have, for a transformed coordinate Ax + a:

H(Ax + a) Z Z Z 97,7, . éMibK, (Ax +a).. wl;,N (Az +a) (2.108)

NM gy .00 1.0y

X@ZJZ(ACL‘—{—CL)...’QZ)K (Az +a) = ZZ Z Z Z X

NM gy 00 0y g O Ly Lae Ly

Dy .7(A™Y) ... Dy g (A1) Dy, (A7) .. Dy (A7)

9 tiytrtns U (AT + ) 0y (A a)y; (Ax+a)...v7 (Az+a).

If we compare the expressions for H(Az+a) and H(x), we see that in order for the Hamiltonian
density to transform as a Lorentz scalar, it is sufficient that the field operators ¥ and )~

transform under the strict Poincaré group as

U(A, a)yf (x) Z Dy(A Yyt (Az + a) (2.109)

U(A, a)i; (2)U ZDN ~(Az +a). (2.110)

The matrices D,z(A) furnish a finite-dimensional representation of the Lorentz group. These
matrices are not the same as the D,z’s. The D,z’s come from the infinite-dimensional
representation of the Poincaré group on the state space. The D,;’s however, come from a
finite-dimensional representation and act on the set of u and v coefficient functions which,
in the spin-1/2 case, form 4 x l-dimensional column matrices usually called spinors. In
order for the fields to transform under the infinite-dimensional representation of the Poincaré
group, and in order for the Hamiltonian density to transform as a Lorentz scalar, the u and
v coefficient functions have to transform correctly under the action of a finite-dimensional

representation of the Lorentz group.
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In order to construct particular Lorentz scalar Hamiltonian densities, we need to calculate
explicit expressions for the coefficient functions uy(z; p,o,n) and vy(x; p,o,n). In order for
the S-matrix to be Lorentz invariant, for spacelike separation the Hamiltonian density must
commute with itself

(1), Hw)] = 0, (2.111)

which requires that the fields ¢ making up #H(x) satisfy

(), e (2))z = [he(x), ¥} (2)]5 = 0 (2.112)

for a spacelike interval z — 2’. If we just take our fields to be v, (z) and ¢, (y) we see that

UAGOEADEED DY /d3pd3p’>< (2.113)

o,n o' n!
{u(x7 p7 g, n)v(y7 p/7 0/7 n/)G’(pv g, n)aT (p/7 0,7 TL/):F
u(w;p, 0, m)o(y; P’ w)al (9,0’ )a(p, o, m) | =

ZZ/dgp/dgp/uz(x;p,U, n)vg/(y;p',al,n')[a(p,a,n),aT(pl,J’,n’)h

on o'n'

=5 [ [ @Bt .o ) 205 )

pr——,
= (27T)3Z/d?’pue(:v;p,Um)w/(y;p,mn),
which, in general, does not vanis}(:1 If, however, we choose our ’s such that
Pe(x) = Z/d?’p[w(:n; p,o,n)a(p,o,n) + v(z; p,o,n)al (p, o, n)] (2.114)
on
we see that [¢(x), ¢ (y)]+ becomes

(27T)3/d3p[w(w;p,a, n)vp (y; p, o, 1) F ue (y; p, 0, n)ve(x; P, 0, )] (2.115)

which, for suitably chosen u’s and v’s can be made to vanish. These operators 1y(z), are
called quantum fields, or field operators, or sometimes matter fields. These are quantum
fields where the particles are their own antiparticles. The slightly more general form of the
quantum field, allowing particles and their antiparticles to be distinct particle species, is given
in the next section. The resulting formulas hold independently of whether the particles are
their own antiparticles.

In what follows we use Eqn. (2.109) and Eqn. (2.110) to derive formulas which can be used
to help determine the u and v coefficient functions. After this any remaining freedom must
satisfy Eqns. (2.112) to ensure locality. Given Eqn. (2.109) and Eqn. (2.110) and given that

the creation and annihilation fields for each species of particle transform as

(A

. 0 .
U(A, a)al(p,0)U (A, a) " = iAo p? S DWW (A p)al(paso)  (2.116)
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R 0 .
U(A, a)a(p,0)U(A, a) " = el an (/;1;) S DY (WA, p)alpa,a’),  (2.117)
taking
Ap)°  d&p(Ap)® p° [(Ap)° p°
d3 ( = = d3(A 2.118
P = el A e (2.118)
gives
U(A, a)if () ZZ/d3 (Ap)ug(w; p, o, n)e AP o x (2.119)
P D) (WA, p))a(pa. o', n)
(Ap)O oo’ ) A O
and
U(A, a)iy (2) ZZ/dS (Ap)ve(a; p, o, n)e  (AP)"an (2.120)
po ODEJ;)*(W_I(Aap))aT(pAa U,a TL)
(Ap)

It follows from Eqn. (2.109), Eqn. (2.110), Eqn. (2.119) and Eqn. (2.120) that

0 . .
ZDM Nug(Az + a;pa,o,n) = <App>oDfiz)<W*1<A,p>>e@<AP>”%ue<x;p,a',m (2.121)
0 . .
ZDN UZ (Ax 4+ a;pa,0,n) = (fp)ﬁ D((TJ;,)*(W—l(A,p))e—z(Ap)MauW(;p; p,o’,n).

(2.122)
Rearranging Eqn. (2.121) and Eqn. (2.122) yields

0

Z UZ(AJZ' + a; PA, 0/7 n>D(]n Z DEK Ap uau (fp)o U@(I’, p,o, n) (2123)
0

ZW (Ax +a;pa, 0, n)D( ) ZD _Z(AP)M““ (fmovg(gp;p,a,n) (2.124)

which are the fundamental formulas needed to calculate the u and v coefficient functions in
terms of a finite number of free parameters. When A = 1, these “fundamental requirements”
reduce to 111
we(z;p,o,n) = (27r)*3/26ip“““u£(p, o,n) (2.125)
ve(w; p,o,n) = (2m) 2P %y (p, o, m). (2.126)

The fields 1, (z) and ¢, (x) then become

W (x) = (2m) 732 / Bpug(p,o,n)ePa(p, o,n) (2.127)

999 The factor (27)~3/2 is inserted by convention following [42, p.195].
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vy (x) = (2m) 7% / d*pue(p, o, n)e " *al (p,o,n). (2.128)
Comparing Eqn. (2.125) and Eqn. (2.126) to the fundamental requirements reveals that

0

> w(ps,o',n) w(W(A,p)):;DM(m A

ng (pa,0’,n)D ( ) ZD“ ” 0) o(p,o,n) (2.130)

for arbitrary Lorentz transformations A. Lookmg at Eqn. (2.129) and Eqn. (2.130), if we
take p = 0 and A = L(g), then W =1 and the new fundamental requirements Eqn. (2.129)
and Eqn. (2.130) then reduce to

ug(q,o,n) \FZDM ))ue(0,0,n) (2.131)
vg(q,0,n) \/72 Dgy(L(q))ve(0, 0, 7). (2.132)

Furthermore and finally, if we take p = 0, pp = 0 and W (A, p) = R, where R is a rotation,

ug(p,o,n) (2.129)

then the fundamental requirements that the coefficient functions uy(0,0,n) and vy(0, 0, n)

must satisfy become:

Zue 0,0',n)D ZDM Jue(0, 0,n) (2.133)

These equations will turn out to be very useful When considering whether an Elko quantum
field is a quantum field in the sense of Weinberg, in Chapter 4 and they will also be of
fundamental importance when hunting for non-standard quantum fields in Chapter 5.

We now close this section by summarizing Weinberg’s definition of a quantum field. The
ingredients we need are the following. We consider massive particles with positive energy and
mass m. We take H and U(A,a) to be as given in Sec. (2.5), for some choice of irreducible
representation Dﬁ,{} (W(A,p)) of SO(3). Let D = D,z(A) be a t-dimensional representation
of £° for some positive integer t. We define a Weinberg quantum field based on the data
(H, Déja) (W(A,p)),U(A,a), Dy(A)) to be a collection of functions 1(x) = (e(x))1<¢<¢ from
R* to L(H) (where L(H) is the set of continuous linear operators on H.) such that for all
(A,a) € P°, we have

U(A, a)the(z) ZDM Yys(Az + a). (2.135)
The data D((,ZU) (W(A,p)) and U(A,a) are not independent — each determines the other —
but we include them both for emphasis.

Before we turn our attention to what we do with quantum fields once we have them, we

first make a few remarks about antiparticles.
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2.14 Antiparticles

We here make a few remarks about antiparticles, which did not nicely fit into the exposition in
the preceding section, but are important. Antiparticles come about in Quantum Field Theory
because there are particles that are created or destroyed by quantum fields, that possess one
or more conserved quantum numbers. These quantum numbers are the eigenvalues of internal
symmetry operators.

Internal symmetry operators are required to commute with the Hamiltonian since the
Hamiltonian is the generator of time translations. In order for this to be possible, the com-
mutation relations between the quantum field operator and the symmetry generator need to
be “simple” in some sense. For example, consider electric charge with a symmetry generator
charge operator () with eigenvalues +¢q(n), which depend on the particle species n. The

commutation relation between @ and y(z) takes the form [42, p.199]

(Q, Ye(2)] = —quthe(x). (2.136)

‘H(x) can be made to commute with @ by constructing H(z) so that [42, p.199]

qg1+q[2+'”_QW1_ng_"'zo- (2137)

In order for Eqn. (2.137) to hold, for every particle species n, which carries a conserved
quantum number ¢(n) = gy, there must correspond a particle species 7, with a conserved
quantum number equal in magnitude and opposite in sign to the quantum number carried by
the particle species n, so that ¢(n) = —¢y. The immediate consequence of this is that there
is a doubling of particle species. These additional particles, which are identical to the origi-
nal ones in every way apart from opposite values of conserved quantum numbers, are called
antiparticles. By convention, negatively charged fermions are called particles whereas posi-
tively charged fermions are called antiparticles. The opposite convention has been adopted
for bosons.

A quantum field is then written with a term that destroys particles and a term that creates

antiparticles so, in general, a quantum field ¥ (x) is written as
Ye(x) = Z/d?’p[w(x; p,o)a(p,o,n) +v(z; p,o)al (p,o,7)]. (2.138)
o
The adjoint operator
ul@) =3 [ @ [ui(wp.odl (provn) +vi(ipolalpon)] (2139
o

creates particles and destroys antiparticles. Here the particle species is denoted by n and the
associated antiparticle is denoted by 7.

We now turn our attention to outlining how quantum fields are used.
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2.15 How to Work With Quantum Fields

We have seen the sequence of ideas that lead to the concept of a quantum field operator and
we have also seen the formulas which provide a systematic way of determining the precise
form of a quantum field of a given fixed spin. We here give a short summary concerning how
quantum fields are put to use in physics.

Quantum fields are used to construct Lagrangians [42, p.297] which give rise to Lagrange’s
equations of motion [42, p.300] which describe the dynamics of a free particle. The Lagrangian
is a functional of the field 1;(x) and its time derivative ¢;(z). There is an equivalent for-
mulation of the dynamics based on the Hamiltonian formalism, where, instead of working
directly with the Lagrangian, we work directly with the Hamiltonian H, which is the gener-
ator of time translations. The Hamiltonian is a functional of the quantum field () and its
canonically conjugate momentum Ily(z), given by
0L
Oty

instead of the time derivative of the field. Transforming between the Lagrangian given in

I, () (2.140)

terms of the variables {ty(z),¢y(z)} and the Hamiltonian, given in terms of the variables
{tp¢(z),s(x)}, amounts to performing a Legendre transformation [42, sec.7.1][5, sec.8.1]

which, in this case, takes the form:
L=T)—H. (2.141)

Both the Lagrangian and Hamiltonian formulations of quantum dynamics are extensively
used in Quantum Field Theory, particularly where particle interactions are involved. The
interaction Hamiltonian (or, more precisely, the associated Hamiltonian density Hin () whose
integral over all space gives the Hamiltonian) can be obtained when one knows the free particle
Lagrangian density, and the interaction Lagrangian density, by a Legendre transformation.
This will be illustrated for the case of Elko particles interacting with a massless U(1) gauge
field, which we explain in the next chapter.

Once the interaction Hamiltonian density has been obtained, S-matrix calculations can
be done to obtain probability amplitudes for various particle interactions. Cross sections
can then be calculated and phrased in terms of “laboratory variables.” Experiments can be
done and the physical cross sections measured. These can then be compared with the results
coming out of the Quantum Field Theory formalism, and in this way, the theory can be tested
to give us a measure of how well the theory models reality.

The remaining link yet to be touched on in all this, is how to write down an expression
for a Lagrangian density whether for the free particle case, or for the interacting cases. We
now comment on these two issues. In Sec. (2.15.2) we will demonstrate how to construct a
Lagrangian density for a free spin-zero massive particle. Before we do this, we will make a
few comments about how the interaction Lagrangian density is obtained, once we know the

Lagrangian density for the case of a free particle, or a system of free particles.
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2.15.1 The Gauge Principle

Interaction Lagrangians are usually either written down based on dimensional arguments,
only being restricted by the requirement that the term be a Lorentz scalar, or else, interaction
terms are arrived at by the gauge principle. We shall here outline the concept of the gauge
principle.

The gauge principle ties the dynamics of force-carrying particles to a symmetry principle.
Usually the gauge principle is used to deduce that a particle with zero mass has unit spin.
The approach taken by Weinberg [42], is consistent with the approach taken in modern string
theories, which is that we observe massless particles of unit spin and conclude that there must
be a resulting gauge invariance of the field theory of the massless particles of unit spin.

The gauge principle asserts that if the field operator ¢(z) appearing in the dynamical equa-
tion of motion is changed by multiplying it by a space-time dependent phase transformation

so that
P(x) = P (z) = Ny (z) (2.142)

where y(z) is a scalar field, the invariance of the field equation is not possible for a free
particle theory, so an interacting theory is required. This interacting theory involves a spin-1

massless field A* which undergoes the transformation
AP 5 A = AF 4 My (2.143)

This will dictate the form of the interaction and enters by replacing partial derivatives with
appropriate covariant derivatives which contain A* in a way to be shown shortly. The field
AF(x) has a more complicated transformation law under the Lorentz transformations [42,
p.251] than fields which we refer to as being “quantum fields in the sense of Weinberg.” To

illustrate how the gauge principle works, we here consider the Dirac Lagrangian density [7]
i - - _
L= 5[y (0") = (Bu)y" ] — map, (2.144)

for the case of a free Dirac Fermion particle. The +* are 4 x 4 matrices satisfying the Clifford
algebra C(1,3) [36][60][61] and ¢ (z) = T (2)y°. The precise details of what constitutes the
Dirac quantum field can be found, for example, in [42, sec.5.5].

If we make the transformation ¥(z) — ¢'(z) = @) y(z), it follows by inspection that
Y/ (z) = ¥(x)e”%X. In terms of the Lagrangian density, the gauge principle asserts that the
Lagrangian density is invariant under this phase transformation so that £’ = £. The problem
with this Lagrangian density is that £’ # £ because it involves partial derivatives of the fields,
which will produce extra terms by acting on the space-time dependent phase factor. For the
Lagrangian density to be invariant so that £’ = £, we need to modify the Lagrangian density
by adding extra terms which will cancel with the extra terms generated by the derivatives of

the space-time dependent phase factor. The solution is to define a covariant derivative D,
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which satisfies the crucial condition:

D/ (z) = XD, (z). (2.145)

If we have such a covariant derivative and replace the free particle Lagrangian density with

£ = L[y (D"5) — (D)) — mio, (2.146)

and use this as our Lagrangian density, then £’ = £ as required. In this particular case, the

covariant derivative is defined to be
D, =0, +iqA, (2.147)

and

D, =0, +iqA, where A = A, +0,x. (2.148)

The above Lagrangian density can be expanded out and written as a sum of the original free
particle Lagrangian density Lrwee and an extra part called the interaction Lagrangian density

Lint so that .
= S[07"(D") = (D)) — miy (2.149)

— %[1;’7“((0,“ + ZqA#)@Z)) _ ((au _ iqA,u)&)’Y“?/)] B mv]m/)

= L [7(0") — (uB )] — mip — i Ay
= L¥ree + Einta

where
Ling = —qUy" A, (2.150)

Exactly how to set up the covariant derivative for the generalized gauge principle involving
multiplets of field operators, will be explained in the next chapter, in the context of Elko
multiplets of Elko fields.

At this point, we wish to point out that the Dirac Lagrangian is invariant under U(1)
gauge transformations but the Majorana Lagrangian density is not U(1) gauge invariant.
The Majorana Lagrangian is made out of spin-1/2 quantum fields corresponding to particles
that do not have any conserved quantum numbers. The Dirac field has a term that destroys
a particle of species n and creates an antiparticle of species n. A Majorana field takes the

form:

3 .
W)—/ o FZ [ ug(p, o)a(p, o) + ¢ Prui(p,o)al(p.o)]  (2151)

where af(p, o) is the adjoint of a(p, ). The free particle Lagrangian density made from these
Majorana fields is [8, p.248-250]:

L= %chaw - %md)TC%b (2.152)
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where C is a constant matrix defined in [8, p.242]. The ¥ on the left hand side instead of a
field adjoint 1T results in there being no e~%X term to cancel with the e™%X term so £’ # L
under U(1) gauge transformations when the Lagrangian density is made out of Majorana
particles.

If we take multiplets of non-Majorana fields, Lagrangians can be found that are invariant
under non-Abelian gauge groups. We illustrate this generalized gauge principle in Chapter 3.
If a Majorana Lagrangian density is taken to have multiplets of Majorana fields then these
Lagrangians will not be invariant under any group of gauge transformations. We show in
Chapter 5 that there is a non-standard massive spin-1/2 quantum field which can satisfy the
Majorana condition making the new quantum field a dark matter candidate (Sec. (5.7)).

We now turn to the final issue mentioned here which has not yet been elaborated on, which
is the question of how to obtain the free particle Lagrangian density for a given field. We

will illustrate this for the case of a real massive spin-zero scalar field.

2.15.2 Dynamical Equations of Motion

To finish off the review of the core elements of Quantum Field Theory, before introducing
the Electroweak Theory, we here derive the dynamical equations of motion for the scalar
field. Scalar fields transform according to the scalar representation of the Lorentz group so
D(A) = 1. Eqn. (2.133) and Eqn. (2.134) only have solutions when j = 0. The rest coefficient

functions are set by convention to be
(0.0.m) = u(0) = ——, v(0,0,n) = v(0) = (2153)

u(0,0,n) =u(0) = —, v(0,0,n) =v(0) = —. .
V2m

The boosted coefficient functions are then given by

m 1 1

u e _——_— = = 5 2154
®) =\ vam ~ vam P (2154
so, for a scalar field ¢(z) with no conserved quantum numbers, ¢(z) is given by
dPp 1 - .
= [ == e “ Pzl (p)]. 2.155
0@) = [ Gl ale) + ¢ P (o) (2155)

In order to derive the kinematical equations of motion for this scalar field, we take advantage
of the canonical formalism. A local bosonic quantum field ¢(x,t) in the canonical formalism

is local, if there can be found a canonically conjugate momentum p(y,t) such that

[q(x, 1), p(y, t)] = i6°(x — y) (2.156)
[a(x,t),q(y, t)] =0 (2.157)
[p(x,1),p(y,t)] = 0. (2.158)

If we choose ¢(x,t) to be the scalar field so that ¢(x,t) = ¢(x,t), then the field which satisfies

the above conditions to be identified as the canonically conjugate field momentum is d) SO
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here p(x,t) = ¢(x,t). To make progress, these fields are to be inverted in order to express the
creation and annihilation operators in terms of the field and its canonically conjugate field
momentum. These expressions will then be substituted into the free particle Hamiltonian

which must always have the form [42, p.296-297]
%‘El/ ypoe (b0 m)alp. ) (2.159)

Having obtained the Hamiltonian in terms of the fields ¢(x) and p(x), the Lagrangian is then
obtained by a Legendre transformation. The free field Lagrangian is given by [42, p.297]

L=Y) / d3xp, (x,1)§"(x,t) — Hy. (2.160)

The kinematical equations of motion are then derived from the Lagrangian density (the
Lagrangian density is the scalar function which, when integrated over all space, gives the
Lagrangian functional: L = [ d3xL) £ via Lagrange’s equations of motion which are

oL oL
(55) 5" .

In order to take the first step in this process of expressing the creation and annihilation
operators in terms of the fields and field momenta we follow [8] (although [8] does not then
go on to calculate the Lagrangian density or dynamical equations of motion with these ex-
pressions however), and calculate [ d®xe™#%¢(z) and [ d®>xe~"*p(z). We have, for the first

expression,

d3 ! 1 : -
/ d*x / PP (pl) 4 T PHP) 2T ()], (2.162)
Performing the integration over space ylelds
dS /
/2 /

Performing the remaining integration yields

1
V2po

Calculating [ d3xe~?®p(x) now, gives

3/
/d3 / d’p Zpo [P g (p!) — =W+ 4T ()], (2.165)

3(p' = p)a(p!)e!®' Pt 4 =P (pf 1 p)al (p')]. (2.163)

la(p) + e~ >4’ (—p)]. (2.164)

Performing the integration over space gives

/
/ dgpli\/ %[53(1)’ — p)a(p')e'?' Pt — =i Po P03 (p! — p)al (p')]. (2.166)

Performing the final integration now gives

i/ Pa(p) — e 2P0%al (—p)]. (2.167)
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We now observe Eqn. (2.164) and Eqn. (2.167) and notice that

2poa(p) :ipo/dgxeip'xcb(:r) —i—/d?’xeip'zp(m). (2.168)
Rearranging this gives
—i 3, —IDT[;
a(p) = d’xe”"P*lipgq(x) + p(x)]. 2.169
(0) = o= [ e lima(a) + p(e)] (2.169)
A similar calculation evaluating [ d®xe®??q(z) and [ d3xe®®p(x) yields
ol (p) = 51 [ e imala) + (o) (2170)

Substituting the expressions for the creation and annihilation operators into the free particle

Hamiltonian yields

Hy = / (;lﬂpg 229;0 / Py / &™) [ ipoq(a) + p(@)lipog(a) + p(x))]).  (2.171)

Performing the integration over p yields
1
5 [ @[5 c—x) ipma(e) + p)lipod() + ol (2.172)

Performing the integration over x’ yields

1

5 [ xlipa(e) + pla)limoala) + (@) (2.173)

which, upon expanding the brackets gives

1 .
5 / &*x[pgq* + p* + ipo(pg — qp)] (2.174)
which reduces down to
1
5 [ X+~ 0] (2.175)

where we have taken advantage of the fact that, for a local bosonic quantum field, [¢(x,t), p(y,t)] =

i0%(x —y).
The last term only affects the zero of energy and only has physical significance in the
presence of gravity [42, p.297] so in the absence of gravity this term can be ignored, so the

free particle Hamiltonian becomes

1 .
Hy = 2/d5x[p§q2 + 7). (2.176)
The Lagrangian is then
1 1
= / d*x[pg = 5pia”* — 5p’] (2.177)

1 1
= / &*x[p* = p5a” — 51’

1, 1
/ d*x (5P 2 5193(12]
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but p3 = m? + p? so the Lagrangian then becomes

1 1
/d3 p2q2 —5m m?¢%. (2.178)

We now wish to write the Lagrangian in terms of the original field ¢(z). Before doing that,

it would be good to re-write the Lagrangian as

1 1
L= /d3x[2p2 — (V¢q)? — §m2q2]. (2.179)

At first sight it may not be at all obvious that this can be done. To see this, we observe that
(Vg)? = [=ip(¢" — ¢ 7)) (2.180)

(where g7 = ¢T and ¢~ = ¢~ ) which, upon multiplying out the brackets gives

a7 +q? —q"¢ —q 4] (2.181)
which is
g +q 7+ ¢ +q ¢ -2p*(¢Tq +qq") (2.182)
which becomes
p°¢® —2p%(¢T g +q q"). (2.183)

Inserting the mode expansions into the last term (and integrating over all space, since the

term in the Lagrangian has this integral over all space with it) gives

/dg // SRLR P {a(p'),dl (p)}- (2.184)

27 62p0

Evaluating this integral over all space gives

d3 /d3p
// 27)%2p0 *(p" — p){a(p), a' ()}, (2.185)
which, upon performing the integral over p’ yields
dp 1 4
/(%)32]905 (0). (2.186)

Once again, this only affects the zero point of energy and is physically irrelevant in the

absence of gravity, so assuming gravity to be absent, or at the very least ignorable, yields the

Lagrangian
1 1 1

_ 302 2 122

= /d X[2p 2(Vq) 574 ]. (2.187)
This can be written in terms of ¢ as

L= / x5 Ly60°6 + 8k¢3’“¢ 2¢2} (2.188)
which becomes
1 1
L= / d3x[§8u¢8“¢ - §m2¢2]. (2.189)
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Thus the Lagrangian density is
1 1 59

Before using Lagrange’s equations, we re-write the Lagrangian density as

L= %gyaa”qbc’)% - %m%? (2.191)
We now see that 5
_ag =m’¢ (2.192)
and that or 5
1
= ~Gva "¢ ) 0%+ 0" ( o« )] 2.193
9(0,0) ~ 2" [(awm) o)ororirs 50,8 ° (2193)
which becomes
1 1
59ua5zaa¢+ Qg,,a(sz‘ayqb (2.194)
which simplifies to
1 1
390000 + 900" ¢ = (046 + 0u0] = 0. (2.195)
Thus
o+ oL =o"0,¢ = 0,0"¢ (2.196)
9(0u9) : :

so the equations of motion are immediately seen to be
(0,0" + m?)¢(x) = 0. (2.197)

We now briefly introduce some of the fundamental concepts of the electroweak sector of the

Standard Model, relevant to the contents of Chapter 6.

2.16 Brief Overview of Some Important Parts of the Electroweak

Theory

In this section we introduce some of the main components of the Electroweak Theory that
are relevant to be conscious of when thinking of mass dimension one fermion fields in the
context of electroweak interactions in Chapter 6. In this section we mention such concepts
as multiplets and symmetry currents. These concepts will be introduced properly in Chapter
3, when concentrating on general non-abelian gauge symmetries of the Elko Lagrangian.

In 1956, Lee and Yang predicted that parity is violated in weak interactions [62]. In 1957,
Wu observed that in S decay, there was a dependence of the angular distribution of decay-
ing electrons on the polarization of the decaying nucleus [63]. The observed decay angular
distribution contained both scalar and pseudoscalar quantities. The current-current interac-
tions describing weak processes were modified to incorporate the resulting parity violation

by including axial vector terms like uy*~vysu to the currents which already had polar vector
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terms like uy*u. Hence, weak currents took on the well known ‘V-A’ structure. This ‘V-A’
structure required the conclusion that the weak field quanta must be wvector particles. The

short range of the weak force led to the conclusion that these vector particles must have mass.

That these massive vector particles should be part of a gauge theory, was corroborated
by experiments showing that the weak charge g proved to be a universal coupling strength
associated in all weak interactions involving both leptons and quarks. Another argument in
favor of incorporating those vector particles into a gauge theory was the demand of renor-
malizability. Gauge theories are in general renormalizable. The non-zero mass of the vector
particles seemed to imply that they could not constitute the gauge field quanta in a gauge
theory, by virtue of breaking explicit gauge invariance, but this problem was overcome by
incorporating the Higgs mechanism [64][65][66] which has the concept of a vacuum screening
current [67, ch.13] which interacts with the weak gauge field quanta in such a way that the
weak gauge field quanta behave as if they have mass. The vacuum screening currents are said
to generate the mass of the weak gauge quanta. The field that the weak particles acquire
their mass by interacting with, is the Higgs field. The quantum of the Higgs field is the
Higgs boson. In 1971, 't Hooft [68] showed that these sorts of theories where massive vector

particles acquire mass through vacuum screening currents, are renormalizable.

Another feature related to weak gauge interactions is that there are weak gauge quanta, the
W= particles, which have electromagnetic interactions. Thus, this whole vacuum screening
process had to be understood in order to properly understand relevant electromagnetic phe-
nomena too. The Standard Model treats electromagnetic currents as being closely connected

to the neutral weak currents corresponding to the neutral massive vector Z° particle.

Another important feature of the Electroweak Theory is that only left-handed components
of weak quark currents participate in weak interactions, and similarly with weak interactions
for the generational lepton pairs (ve,e™), (Vu, ), (v, 7). The gauge group SU(2)r, x U(1)
describing this Electroweak Theory was first proposed by Glashow (1961). Weinberg and
Salam treated the symmetry group as a hidden one (hidden in the sense of spontaneous
symmetry breaking [69, p.290][20, p.193][21, p.163]). The resulting Electroweak Theory is in

agreement with all known electroweak phenomena.

2.16.1 Standard Model Doublets

The (hidden, or spontaneously broken) SU(2)r x U(1) local gauge transformations mediate
interactions between members of an associated symmetry multiplet. General multiplets as
well as the origin of symmetry currents, will be more properly introduced and described in
some detail in Chapter 3. The multiplets of the Electroweak Theory are doublets respecting
the weak isospin symmetry [69, sec.8.5], so the t = % representation of SU(2), consisting of

2 X 2 matrices %Ti is used, where the 7; are numerically identical to the Pauli matrices o;.
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2.16 Brief Overview of Some Important Parts of the Electroweak Theory

The doublets have as their elements, Dirac fields. The quark doublets are of the form

gr(u, d,) = (;‘ ) qL(C,sC):< ¢ > . qr(byte) = (bt ) . (2.198)
c /)y Sc I c /)

where d., s. and b, are related to the Dirac quark matter fields d, s and b by

de d
se | =Uckm| s |- (2.199)
be b

Ucku is the Cabibbo-Kobayashi-Maskawa mixing matrix. The unitary Cabibbo-Kobayashi-
Maskawa mixing matrix Ucgy contains three mixing angles and one C P-violating phase.
The numerical values for these angles can be found in, for example, [70]. This flavor mixing
was introduced into the Electroweak Theory because (u, ¢, t) quarks can be changed into any
(d, s,b) quarks and vice versa by the absorbing or emitting of a W boson. Charge conservation
holds because this is consistent with the charges of the top quark entries in the SM doublets
differing from the charges of the bottom quark entries in the SM doublets by one unit of
charge. The (u,c,t) quarks all have electric charge % whereas the (d, s,b) quarks all have
electric charge _Tl The square of each entry in the matrix Uckm gives the probabilities
for various weakly induced quark flavor transformations to occur. The probabilities show
that each quark has a strong tendency to change into the flavor that is contained in the
same doublet. Quark flavor changing interactions are only known to be brought about by

electroweak interactions.

The lepton Standard Model doublets are grouped together as follows:

le _ ( Vem ) ’ llu _ ( Vyp,m > ’ lT _ ( Vrm ) (2200)
e no T
L L L

where
Ve.m Ve
Vim = UnmnNs vy (2.201)
Vrm Vr

with Upng being the Pontecorvo-Maki-Nakagawa-Sakatu (MNS) matrix [71], the leptonic
analogue of the CKM matrix Ucky introduced into the Standard Model because of the
observation that neutrinos undergo flavor oscillations over macroscopic distances.

The pairs of fields in these quark and lepton doublets are not mass degenerate but this is
fine because the symmetry is hidden.

Because the weak force only interacts through left-handed fermion fields, the left-handed
fermion fields which have non-zero isospin, are grouped in doublets whereas the right-handed
fermion fields form singlets. As a result, there are two covariant derivatives. The left-handed

covariant derivative, DY, for spin—% particles is

1 1
DY =o' + igiT - WH — igéB”, (2.202)
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while the right-handed covariant derivative, D‘]‘%, is

DY, = 9" —ig BM. (2.203)

D’]j acts on left-handed leptons which have isospin—% and hypercharge y = —1 corresponding
to the new global U(1) symmetry. The covariant derivative D% acts on singlet right-handed
leptons that have an isospin of zero, and a hypercharge value of y = —2. There are two
fundamental constants above, g and ¢, called the weak charges. The weak charge g is from
the SU(2)r, part of the gauge group while ¢’ is the weak charge corresponding to the U(1) part
of the gauge group. We here speak of hypercharge rather than charge because the field B*
is not the Standard Model photon field A*, but rather related to it in a way to be explained
soon. First however, we introduce the Higgs field ¢, and then explain how to get the vacuum
screening currents responsible for giving mass to the otherwise massless W+ and Z° gauge

bosons.

2.16.2 The Higgs field, Vacuum Screening Currents, and W+, Z° and A" Gauge
Fields

The screening currents which provide terms that give mass to the gauge quanta of the weak
force, come about by having an absolute vacuum away from where the vacuum expectation
value of the scalar field ¢ is zero. The Higgs field has a non-zero vacuum expectation value at
any of an infinite number of vacua that are all related to each other by a U(1) transformation.
The picking of a particular vacuum breaks the symmetry. We will not try to motivate the
form of the Higgs doublet used here, but instead refer the reader to the literature, and carry
on highlighting some core parts of the Electroweak Theory.
The Higgs field doublet

0
) = , 2.204
#z) (ji[f+p(x)]> (2204

with f a constant and p(z) a scalar field with vanishing vacuum expectation value, is a

spinless scalar field with a Lagrangian of the form

L(¢) = (Do) (D"¢) + 'LiqﬁTd) - ;l}z(cjﬂd))Q + interaction terms (2.205)
where the covariant derivatives are the ones such that L£(¢) is invariant under the hidden
gauge group SU(2)r x U(1). The interaction terms mentioned here are referring to the
Yukawa couplings between the Higgs field and the otherwise massless fermionic fields [69,
p.310][67, p.465]. The % is the value of the non-zero vacuum expectation value (0| ¢ |0) of
the Higgs field.

To find the vacuum screening currents, we consider the terms in this Lagrangian that come

from the covariant derivatives and we ignore all of the interaction terms that arise from the
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2.16 Brief Overview of Some Important Parts of the Electroweak Theory

p part of the Higgs field and just consider that part of the Higgs field concerning the pure

vacuum with vacuum value \/i That is, we consider:

W, + 5By, (2.206)
where . 9 ,
j =5 [0 (0) — (@"0)i 70| — Golow — TralrioBr (2207
and ,
j= % [¢T(3u¢> _ (8M¢>T¢:| 99 ¢T ¢ WH— 2¢T¢B“ (2.208)

Given that we are ignoring the terms involving p(a:) in the Higgs doublet, it follows that for
a=1,2:

—gf

= AT ~M2ZWW and j .

. LW = _MEWH (2.209)

where

Mo = 95 (2.210)

2
With M’ = 9%, the a = 3 current j3* and the current j* take the form:

P = —MEWH 4 MM'B* and  j* = My M'W3 — M2B*. (2.211)

These currents mix up the W3* and B* fields, each of which have indefinite mass leading to

the conclusion that these are not the physical fields. If we define

9=V +g%cos(bw), ¢ =92+ g?sin(0w) (2.212)

where Oy is the Weinberg angle [69, p.312], and also define two fields Z# and A* by the

linear combinations
W3 = cos(fyw ) Z" + sin(y)A*  and  B* = —sin(fy ) Z* + cos(fyy ) AH, (2.213)
then a direct calculation reveals that j3“W3ﬂ + j#B,, becomes
_M3zvZ, (2.214)

f

where My = 2+ g?% = Mw

= Ccos(Ow)"
the p(x) part of the Higgs field that would create a self interaction current j#(W) on the

Thus, ignoring the self interaction terms arising from

right hand side, the dynamical equations of motion for the gauge fields W, W2 ZH and

AH are
(0,0" + M3 W™ —grg, W =0, (0,0" + M, )W — 99, W =0 (2.215)

and
(0,0 + M2)ZH — 010,Z" =0, 0,0 A* — 949, A" = 0. (2.216)
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By rewriting the left-handed covariant derivative D} in terms of the fields Z# and A* instead
of W3# and B*, we can identify A* with the photon field by the relation

e = gsin(Ow) (2.217)

where e is the unit of electromagnetic charge. In Chapter 6 we consider the concept of trans-
muting the mass dimensionality of the Dirac-type spin-1/2 fermion fields in the Electroweak
Theory from mass dimensionality three halves to mass dimensionality one, and relate their
left and right-handed components to the left-handed Elko field components.

In the next chapter, we introduce the Elko field and then as closely and naturally as
possible, mimic the usual procedures that people go through, once they have a quantum field
to work with, and see what happens. In Chapter 3, we ignore the question of whether Elko
is a quantum field in the sense of Weinberg. In Chapter 4, we wish to understand how the
Elko field fits into the Quantum Field Theory formalism with the state space as defined here
in Chapter 2. The question of where quantum fields come from and the question of what
quantum fields should look like, is answered nicely in Weinberg’s way of looking at things
which we have presented here in Chapter 2. We use these insights in Weinberg’s approach to
try to understand how the Elko field could most naturally fit into the state space setting.

Finally we note that there are limitations to Weinberg’s theory. For instance he does not

address fields which are topologically twisted. He does however refer to them [42, p.119].
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3.1 Introduction

In this chapter we first give a review of the Elko field, presenting many of the key results in
[34]. For the remainder of this chapter, we then take the Elko field as given and apply the
gauge principle to the Elko field and mimic the standard canonical formalism as closely as we
can, to see what happens. Importantly, in Sec. (3.3.2) we discuss how our results concerning
Elko’s ability to interact with Standard Model particles interact with ideas and results in the
Elko Field Theory literature. There we explain where our results agree and disagree with
existing material. In the cases where our results disagree, we also explain why. No insights
gleaned from Weinberg’s approach are taken advantage of in this chapter. We find Weinberg’s
approach particularly useful when answering the question of “what can a quantum field look
like?” In this chapter however, we simply start out with the Elko field and address some of
the natural questions regarding “what can we do with it?” In particular, we look at some
questions regarding the Elko field’s U(1) interactions. Our operating principle throughout
this chapter is to try to fit in with the usual canonical formalism in the most obvious and
natural way. We say this, because there are aspects of the Elko dual (the details of which we
explain as they become relevant) which put certain quantities, like the vacuum expectation
value of the time-ordered product of the Elko field with its dual for example, outside the
usual mathematical apparatus of the standard canonical formalism.

We leave it to the following chapter to attempt to reconcile the Elko quantum field with
Weinberg’s formalism for defining quantum fields, so it is in the next chapter that we make
use of some of Weinberg’s key insights relevant to the question “what can a quantum field
look like?”

3.2 Elko Field Review

In this Elko field review, we present the Elko field and the anti-commutation relations for the
creation and annihilation operators. We then give the key properties of the Elko spinors. We
then present the Elko spinor definitions, and define the Elko spinor dual and then give the
Elko spinor orthonormality and completeness relations. After this, we present the Elko dual
quantum field, followed by the vacuum expectation value of the time ordered product of the

Elko field with its dual. We then present the Elko free particle Lagrangian along with the
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3 Elko Fields and Interactions

Elko canonically conjugate field momenta. We then present the canonical anti-commutation
relations between the Elko field and its canonically conjugate field momenta, and finish the
section with a review of Elko interactions.

We start the review here, by introducing the Elko field presented as a local dark matter
candidate in [34], and discuss its darkness with respect to the Standard Model.

The Elko field we will be using in this chapter is*

= “’p P o)a(p,o) + e P= o)l (p, o
Ao = [ s o) I P )alb o) o o)) ()

where here o is a discrete two-valued index and £(p,o) and ((p, o) are spinors defined by
certain properties to be shortly discussed, a(p, o) is the annihilation operator which destroys
an Elko particle of three-momentum p with a discrete index value o, and bf (p,0) creates an
anti-Elko particle with three-momentum p and discrete index value o.

In [34, p.2] another Elko field is also presented:

= ’p e o)a(p,o) +e P2 0)al(p,o
N0 = [ i 2R po) + Tl o)l (32)

We work with A(z) rather than A(z) because A(x) has antiparticles which are distinct from
the Elko particles, whereas for A(z), there is no distinction between particle and antiparticle
and we do not wish to complicate things with Majorana type conditions. In order to stay as
close as possible to the usual canonical formalism, in order to be able to take advantage of
the gauge principle, we want distinct particles and antiparticles. For more on this, see Sec.
(2.15.1) and Sec. (5.7)

In [34] the label “a” is used to distinguish it from the usual “c” which labels the eigenvalue
of the angular momentum operator in the z-direction. The point of view taken in [34] is that
in the low energy limit, dark matter must be described by irreducible representations of the
full Poincaré group.

We take the view here that since the question of what the underlying state space can
look like is a purely mathematical one, once given an underlying symmetry group, and since
Wigner has shown that the only solution for what the Hilbert space can look like, is the
standard Wigner class where the two-valued discrete index is o, we will here use the label
“o” instead of “a.”

The creation and annihilation operators were assumed in [34] to satisfy

{a(p,0),al(p',0")} = (27)%6°(p — P')0gor (3.3)
{a(p,0),a(p’,0")} =0, {al(p,0),al(p’,0")} =0 (3.4)
{b(p,0), b (p',0")} = (27)%6°(p — P') 050 (3.5)
{b(p,0),b(p,0")} =0, {b1(p,0),b'(p,0")} =0. (3.6)

*Here the signs in the exponents are opposite to the convention adopted by [34, p.4] to be consistent with

the convention throughout this thesis.
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3.2.1 Elko Spinors

In [34], four component spinors were introduced of the form

n9¢*(p)
x(p) = ( : (3.7)
¢(p)
Here, 7 is a phase, O is the Wigner 2 x 2 matrix time reversal operator defined by the property
o o*
GPWAZ{%’ 3.8
5 5 (3.8)

and numerically equal to the matrix —ioy for the spin-1/2 case, and ¢(p) is a spin-1/2

left-handed Weyl spinor. Weyl spinors are eigenspinors of the helicity operator o - p so that

o - po+(p) = £o+(p), (3.9)

where o = (0,,0y,0,) and the o; are the Pauli matrices

(01 (0 i (10 (3.10)
=1 0) T\ o) T o0 1) '

The top spinor, n©¢*(p), in x(p) transforms as a right- handed Weyl spinor with

706" (p) = x> InOF* (0) (3.11)
where #(2:0) is the right-handed finite-dimensional boost operator

m[(po +m)Iy + o - pl, (3.12)

while for the left-handed Weyl spinor ¢(p) we have

o(p) = £)6(0), (3.13)
where £(03) is the left-handed finite-dimensional boost operator
1
_ +m)ly — o - p). 3.14
Tl T 7o) [(po +m) I3 p| (3.14)

I5 is the 2 x 2 identity matrix. In the above,

p = (sin(0) cos(P), sin(A) sin(P), cos(h)) (3.15)
and
_ cos(g)e%@
6(0) = vim [ ), (3.16)
sin(5)e 2
B - sin(g)e%‘I>
$—(0) = v/m oo i . (3.17)
cos(3)e 2
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Before continuing with the Elko spinor review, we first make a few comments about where
the above boost operators £20 and k(©32) come from. The boost operators £(30) and x(3)
come about by considering the Lorentz algebra of three angular momentum generators J;,

and three boost generators K;, which is:
[Ji7 J]] = iEiijk, [Ju KJ] = iel-ijk, [Kl, KJ] = —ieiijk. (318)

A complexified Lie algebra is formed from these generators (which forms a real Lie algebra,

“” obscures this) by defining two new generators

even though the conventional presence of the
A and B, such that:

A=J+K, B=J-:iK (3.19)
The complexified Lie algebra with these generators is given by
[A;, Aj] = iAg, [Bi,Bj] =iBy, [Ai,B;j]=0. (3.20)

The A’s and B’s are each usually thought of as generating a group SU(2) which commute
with each other [7, p.38]. As a result of this, spinors are given two angular momentum labels
(7,4") to specify how they transform under the (complexified) Lorentz group. The usual
convention for spin-1/2 spinors is to specify spinors that transform according to the (%,O)
representation, and also specify spinors that transform according to the (0, %) representation.

The matrix representation for J () is given by %0' for both representations. The K(3) takes

the form =% for the (3,0) representation, and “Z for the (0, %) representation. The finite
boost operators £0 and k(©3) then become e%¢ and e3¢ respectively. It can be shown
(see [7, p.41]) that these boost operators can be re-written in the form as presented in Eqn.
(3.12) and Eqn. (3.14).

Another ingredient we need in order to define the Elko spinors presented in [34], is the

1

matrix charge conjugation operator S(C) belonging to the (3,0) & (0, 3) representations,

which, in the chiral representation [72, p.41], is given by
0 10
S(C) = 2 K (3.21)
—10 09
where K complex conjugates everything to the right of it. Finally, if we set n = +i, the

spinors x(p) become eigenspinors of the charge conjugation operator with eigenvalues +1 so

that

S(C)x(p) = +x(p)- (3.22)
The Elko rest spinors were defined to bef
1
¢ (o, 2) - x<0>‘ (3.23)
#(0)— ¢+ (0),n=+i

"In [34], the values of the discrete index were labeled by {—, 4} and {4, —} referring to the dual helicity
structure of the Elko spinors. Since we are here choosing to call the discrete index o, in view of what the
Hilbert space must look like under the full Poincaré group, we represent the labels {—, +} and {4, —} as %

and ’71 respectively.
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(3.24)
$(0) - (0),=+i

(3.25)

¢(0)_>¢* (O)JIZ—i

-1

¢ <0, 2) = —X(O)‘ . (3.26)
#(0)—¢4(0),n=—i

The boosted spinors &(p, %), ¢(p, %1), ¢(p, %) and ((p, %1) are all obtained by multiplying

on the left by the matrix k(2:0) &) #(0:3). To define a basis for the Elko spinor dual space, the

dual spinors X (p, o) are defined as
X (p, £0) = Fix!(p, F0))". (3.27)

The orthonormality relations are then

£ (0.0)(p,0") = 2mbg, (3.28)
¢ (9, 0)((pr0) = —2mbi, (3.29)
¢ (p,o)((p,0’) =0, (3.30)
¢ (p,0)E(p. ") =0, (3.31)

and the completeness relation is given by

L S e(p,0) € (p,0) — C(pr0) ¢ (pr0)] = Lu. (3.32)

2m
g

The Elko spin sums ) _£(p, o) E (p,o) and Y _((p,0o) Z“ (p, o) are respectively given by [49,
p.3]: .
> &(p,o) € (p,o) = +ml + G(p)] (3.33)

and

S ¢(p.0) ¢ (p,0) = —m[l - G(p)] (3.34)

where G(p) is a matrix of odd valued functions of p so that
G(p) = —G(-p). (3.35)

3.2.2 Dual Elko Field and the Time Ordered Product

A field analogous to the Dirac field ¢)(z) was also defined in [34]. The Dirac field ) is based
on the Dirac dual of its spinors @(p, o) = u!(p,o)?, o(p, o) = vi(p,0)7°, and so the Elko
dual quantum field is also defined based on its dual spinors [34, p.4]:

“P7 ¢ (p,0)al (p, o) + €77 ¢ (p,0)b(p, o). (3.36)

Aw) = /% WZ
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The Elko Lagrangian, being Klein-Gordon in form, is inferred from the quantity
(O] T{A(") A (x)} |0) (3.37)

where T here is the fermionic time ordered product defined on two operators Aj(z’) and
As(x) by
T{A1(2")As(z)} = 0(t' — t)A1(a") Aa(z) — O(t — t') Aa(x) A1 () (3.38)

-

with 6(t) =1 for ¢t > 0 and 6(t) = 0 for ¢ < 0. The quantity (0] T{A(z’) A (x)}|0) is given in
[34] to be

NN e dip ipp (i —ah) 1+ G(p)
OIT{AG) A (2)}]0) = lim i / e [mp” & +¢J . (3.39)

It is then asserted in [34] that in the absence of a preferred direction?, the integral over
G(p) can be shown to vanish, in which case the quantity (0| T{A(z') A ()} |0) becomes

proportional to the Feynman-Dyson propagator

4 , 2
_/dp46ipu(xu —h) [le] : (3.40)
(2m) pupt — m® + ie

where 1 is here the 4 x 4 identity matrix.
The propagator is interpreted physically, as the probability amplitude for the particle to
propagate from spacetime point x to spacetime point x’. This result established the free

particle Lagrangian for Elko fields to be Klein-Gordon in form [34, p.5]:
L(z) =, A (2)0"A(z) — m? A (z)A(x) (3.41)
with the fields A(z) and A (z) having mass dimension one since the Lagrangian density is of

mass dimension four. In [34], the field momentum II(z) is given by

T(z) = Zﬁ = gt A (2) (3.42)

and the canonical anti-commutators are given to be

{A(x,t),TI(x, 1)} = i63(x — x') (3.43)
{AG, 1), A )} =0 (3.44)
{I(x, 1), II(x',1)} = 0 (3.45)

establishing the assertion in [34] that the Elko field A(z) is local. We finish this section by
remarking that Eqn. (3.43) only holds if there is no preferred axis. See Sec. (3.8).

In following sections, we will hold to this assumption but in the next chapter, we will not restrict ourselves

to this assumption when we look at how the Elko field might be consistent with the Weinberg formalism.
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3.2 Elko Field Review

3.2.3 Elko Interactions

In this section we review work that has been done on Elko quantum field interactions in order
that later, in Sec. (3.3) we can clarify how our work relates to existing work on Elko field
interactions, and make more explicit where we agree or disagree with various points and why.
Elko quantum fields were introduced in [32] as a prime candidate for dark matter, having no
Standard Model interactions other than with the Higgs particle. In this section we will also
make clear the reasons given for considering Elko fields being put forward as dark matter
candidates.

The interaction Lagrangian associated with Elko interactions with the Higgs particle was
given in [32, p.44] for an Elko field n(z) and a Higgs doublet ¢(x) as:

L4 (x) = Ago' (2)() 1 (z)n(x) (3.46)

with more interactions of this form possible if more scalar fields exist in nature. The symbol
AE is a dimensionless coupling constant. An Elko quartic self interaction was also introduced
[32, p.44] of the form

£(x) = apli (2)n(z)]? (3.47)

with ag another dimensionless coupling constant. In [32, p.44] Ahluwalia and Grumiller also
state that the Elko field could couple to an abelian gauge field, via the field strength tensor

F,,, associated to the gauge field. Such an interaction has the form
L = en M () 3", 7" ]n(@) Fu (). (3.48)

This interaction does not come from the gauge process. Rather, it comes from an attempt
to write down a scalar constrained by considerations of mass dimensionality. Ahluwalia and
Grumiller argued however, that the coupling constant e would have to be vanishingly small
because terms like these generate an effective mass for the photon but the possible mass of a
photon has been experimentally severely constrained. Ahluwalia and Grumiller did not put
the Elko field through the gauge process, but state [32, p.44] that “the Elko field is neutral
with respect to local U(1) gauge transformations.” They then conclude that the Elko-Higgs
interaction of Eqn. (3.46) is the dominant interaction between Elko particles and the Standard
Model particles.

In [32, p.61], Ahluwalia and Grumiller clarify that it is the mass dimensionality of the Elko
field being one and not three halves that “forbids a large class of interactions with gauge and
mater fields of the Standard Model while allowing for an interaction with the Higgs field.”

In [34], the Elko field A/(z) was introduced. This is the field we have introduced already
in the present chapter. In [34, p.1] it was stated that Elko could not enter the fermionic
doublets of the Standard Model due to the mismatch in mass dimensionality (this same idea
was also strongly implied by [34]). On the same page, the position was stated that at least

in the low energy limit, dark matter ‘must be described by the irreducible representations of
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3 Elko Fields and Interactions

the full Poincaré group.” The Elko interactions given, are of the same general form as those
given in [32].

A few pages later, [34, p.7] a stronger statement is made concerning Standard Model gauge
transformations:
“cAM(x) and £ (x) do not carry invariance under Standard Model gauge transformations.”
On the same page however, it was also stated that the Elko fields, although having La-
grangians that are not invariant under gauge transformations, are not forced to be self-
referentially dark. The Elko spinors could undergo abelian gauge transformations of the

form

x(p) = expliMa(z)|x(p) (3.49)

if and only if M is the 4 x 4 matrix ~y. Any non-abelian generalizations would have to retain
this 7p.

The reason for claiming that the Elko spinor Lagrangian is not U(1) gauge invariant, is
that we have S(C)x = £+x but S(C)x’ # £x’ where x’ = ®x for some a.

Having reviewed the relevant parts of Elko Field Theory literature concerning interactions,
we now examine standard U (1) gauge invariance of the Elko quantum field Lagrangian, and

then discuss the implications of our results in the context of the review of Elko interactions.

3.3 Elko U(1) Gauge Transformation and Discussion

3.3.1 Elko U(1) Gauge Transformation

In this section, we examine under what conditions U(1) gauge invariance is possible for the
Elko Lagrangian with the partial derivatives replaced by covariant derivatives. The main
contents here concerning Elko gauge interactions is also present in our paper [55]. With the

covariant derivative replacing the partial derivative, the Elko Lagrangian becomes
L = (D, A)(DPA) —m? A A. (3.50)

We wish to see if £ = £ where

- , 9 -/
L= (D,AN)D"AN)—m* A N (3.51)
with
DF = 0 + igA* + iq(8"y) (3.52)
and
N = e HxXA, (3.53)

It follows from how the covariant derivative is constructed that

DF A = eTIXDHA, (3.54)
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3.3 Elko U(1) Gauge Transformation and Discussion

For U(1) gauge invariance of the Elko Lagrangian, we would need
D, A'=D,A ¢ (3.55)

and
o
A=A "X (3.56)

to be true as well, so we would need the Elko dual operation to transform the product of an

Elko field operator A with a non-Elko field operator A as:
(AA) =A AT, (3.57)

This corresponds to the Elko dual of a non-Elko field operator simply being its adjoint. We
believe this most natural assumption to be reasonable and moreover, are unaware of any
reasons or hints that the Elko operation being applied to a standard field should produce

anything different from its adjoint.

3.3.2 Discussion of Elko Interactions

Before moving on to examining general non-abelian Elko gauge interactions, we pause to
make contact between the Elko interaction results in existing literature (reviewed in Sec.
(3.2.3)) and what we have done in this thesis.

Our results are consistent with the claim that Elko fields can couple to the Higgs field, and
the claim that Elko fields can have quartic self-interactions. Our results are compatible with
these results. Our results do however contradict the assertion made in [34, p.7] that £ (z) and
LM (x) do not carry invariance under Standard Model gauge transformations. The justification

for this claim made in the cited paper was made from considerations at the spinor level,

1
29

operator S(C'). We take the view that at the level of the state space, the spinor coefficients

considering Elko spinors as eigenspinors of an antilinear (5,0) @ (0, %) representation space
present in the quantum field operator do not determine whether a Lagrangian composed of
quantum field operators is invariant under a gauge transformation. An argument of the nature
described in [34, p.7] applies if we consider Lagrangians composed of Elko spinors where the
Lagrangian is then defined in a classical spinor space and is not viewed as an operator in
Hilbert space. We believe that this result does not automatically nullify the gauge invariance
of Lagrangians that are operators on the Hilbert space of physical states, composed of Elko
quantum field operators.

As pointed out in Sec. (3.2.3), another point raised in [34] was that Elko fields must be
dark with respect to (non-Higgs) Standard Model particles on account of the Elko mass
dimensionality being different from the mass dimensionality of the Standard Model fermions,
thus forbidding Elko fields from being allowed to enter into the fermionic doublets of the
Standard Model. We agree that Elko fields cannot enter the Standard Model doublets.

However, as we point out in Chapter 6, we do not agree that this implies that Elko fields are
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3 Elko Fields and Interactions

dark with respect to these Standard Model doublets. The reason for our divergent viewpoint
is as follows:

As we have already pointed out in this section, it is possible at the level of the Hilbert space
of physical states for Lagrangian operators composed of Elko quantum field operators to be
gauge invariant. Once we see this, we can then take Elko fields through the gauge process
(see Sec. (3.5)) and hence it is possible to set up Elko doublets and Elko Lagrangians that are
invariant under SU(2) x U(1) gauge transformations. As we point out in Chapter 6, there is
no reason why we cannot also choose to take the left-handed Elko components to form the
doublets. We can then (even without demanding that we form the Elko doublets purely from
the left-handed components of Elko fields) automatically write down symmetry currents in
the usual way that arise from the invariance of the Lagrangian under SU(2) x U(1) gauge
transformations. Once we have written down an Elko symmetry current consisting of doublets
whose entries are solely Elko fields, we can couple this symmetry current four-vector operator
with the Standard Model symmetry current four-vector operators and form new interaction
terms in an expanded Hamiltonian density operator that now admits new additional interac-
tions; specifically, interactions between the Elko fields and the Standard Model fields. This
is at the level of the Electroweak Theory, involving the W+ and Z° vector bosons. By simi-
lar reasoning, simpler arguments apply in the simpler theory of Quantum Electrodynamics.
There are also no obvious reasons why we could not also consider Elko triplets transforming
under the natural representation of the SU(3) gauge group and couple the corresponding
Elko symmetry currents to the symmetry currents in Quantum Chromodynamics.

Although we have made the case for Elko particles in principle being able to interact with
the usual Standard Model particles (not just the Higgs particle) we stop short of claiming
that Elko is not a viable dark matter candidate. We say this for three main reasons.

The first reason that Elko particles might still be viable dark matter candidates is that in
the particular sense described in Sec. (4.4), Elko fields have an element of non-locality, even
along the axis of locality. If a particle is not local (in this sense, not causal), it is not clear to
us exactly what this implies when it comes to the issue of how we can detect such a particle.
The non-local nature of Elko fields may give Elko particles the appearance of being dark in
the sense that we have trouble finding them, even though they admit gauge interactions.

The second reason that Elko particles might still be viable dark matter candidates is
that Elko fields are not quantum fields in the sense of Weinberg (see Sec. (4.2)), and that,
more specifically, they do not transform correctly under the Lorentz group (see Sec. (2.13)).
They break rotational invariance in particular. This implies that if we were to construct
Hamiltonian densities out of the Elko fields Ay(x) and their complex conjugate transpose
adjoint’s A;(m), we would not have a Hamiltonian density which is a Lorentz scalar under
rotations. If we were then to couple a Standard Model symmetry current with an Elko
symmetry current, the resulting object may look like a scalar when in reality it is not a scalar

under rotations. This in turn may affect the detectability of Elko particles.
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3.4 More Incompleteness in Elko Field Theory

The third reason that Elko particles might still be viable dark matter candidates (which also
relates to the first two reasons) resides in the fact that the Elko Field Theory is incomplete.
There are areas of Elko Field Theory that are incomplete, leaving holes with no well-defined
way of definitively stating whether certain things must be so. For example, Eqn. (3.56) is
to us the most obvious and natural thing to write down but it cannot be proven because
there are holes in Elko Field Theory. In this example the specific hole is that the Elko dual
operation has not been defined for non-Elko operators or for products of Elko field operators
with non-Elko field operators.

Another important element of Elko Field Theory that is incomplete is the definition of
the two-valued discrete index. It has been given meaning at the classical spinor level, but it
lacks a precise definition on the Hilbert space of physical states. This is another significant
hole in the theory because there are no well-defined rules to use to determine something as
simple as whether the two-valued discrete index for the Elko field should be interpreted as o
(the eigenvalues of the angular momentum generator J,) or something different. We cannot
therefore prove that the Elko two-valued index must be o. Instead, we do the next best
thing, and argue that the initial intended premises of the Elko field were built on the guiding
principle that it respect the irreducible representations of the full Poincaré group [34, p.1],
which, makes it natural for us to define a state space which carries such representations. This
in turn, forces the two-valued discrete index to be interpreted as . This interpretation of o
as the conventional one also makes sense when remembering that Elko fields are introduced

as being spin-1/2 fields.

3.4 More Incompleteness in Elko Field Theory

Another hole in the theory is the introduction of a new adjoint to the Hilbert space [34, p.4].
In this citation, a new operator is introduced, which is referred to as the adjoint of the Elko
field operator. But if the underlying state space is still the usual Hilbert space of physical
states, then the adjoint of an operator on the Hilbert space is unique, being specifically the
complex conjugate transpose of the original operator. No further explanation was given on in
what sense the new operator was the adjoint of the Elko field operator, giving rise to another
ambiguity, or hole in Elko Field Theory. In the absence of well-defined new mathematical
structures to accommodate a new adjoint, we are left to plug this hole as we want. We
therefore choose what to us is the most natural assumption, namely that Elko was intended
to operate on the usual Hilbert space of physical states, in which case, the adjoint is unique,
and is fixed to be AZ(:L’).

In this thesis therefore, we take what we see as the most natural positions, given the stated
ambiguities and holes in Elko Field Theory, and give the natural consequences of plugging
the holes in Elko Field Theory in what we see as the most natural way of doing it. We take

the view that our approach is valid and therefore that it constitutes a significant contribution
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3 Elko Fields and Interactions

to our knowledge of the Elko Field Theory landscape.

3.5 General Elko Non-Abelian Gauge Symmetries

In this section we look at general symmetries of the Elko Lagrangian for general Elko multi-
plets. We first look at the global gauge symmetries then look at the local gauge symmetries.
We finish the section by looking at the field strength tensor, and, how it transforms. The
general concepts, which will be here spelt out in detail, can be found in a lot more sketchy
form, in, for example, [21, p.1-5] or [73, p.373-376].

3.5.1 General Global Elko Non-Abelian Gauge Symmetries

Here we consider a multi-component Elko matter field (an Elko multiplet) A = {An(x)},
which transforms according to some Lie group of internal symmetries. We start by varying
the action. This will lead to the general Elko global symmetry currents, which, upon taking
the time component and integrating over space, give rise to the general global Elko symmetry
operators.

An infinitesimal transformation of the Elko multiplet A(x) then has the form
AN (z) = A(z) + SoA(x) (3.58)
where
doA(z) = aTyA(z) = aA(z), (a=1,---,n), (3.59)

where the a® are (temporarily) constant parameters, the T, are the group generators satis-
fying the commutation relations

(To, Ty = fTe, (3.60)

a

and the structure constants f< satisfy the Jacobi identity. Since the a® are here constant

parameters, J,A transforms like the field itself so we have
d0(OuA(x)) = OuboA(x) = OpaA(x) = ad,Ax) (3.61)

because dp and J, commute. Varying the action, we have

68 = /d4x 9L 50 . a—fd A +i5(a“A) + iﬂé(au M. (3.62)
oA oA 0(0,A) (0, A)
Using integration by parts and taking®
up = oL DRSS a[’ﬁ (3.63)
0(0,A) 8(3,, A)

$Integrating by parts has the form [udv = uv — [ vdu.

62
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and
vy = 60, N)d*z, vy = 6(0, N)d*z (3.64)
it follows directly that
ouy = o (8 ZEA ) dz,  Suy = " ( aﬁﬁ ) d*z (3.65)
(0ud) (9, A)
and
v =6A, v =34 A (3.66)

so the variation of the action becomes

55:/d4x gim+a‘f:5&—aﬂ<agﬁA)5A—aﬂ< aﬁﬁ)afx (3.67)
oA (Ouh) (8, A)
Af _ A
+ {a(gﬁA)M} I S

The last two terms vanish because of the assumption that the fields disappear at sufficiently

large distances so we get

5Sz/d4x <aﬂ< oL >6£>5A P R O I SN BT
0(0uN) OA 99, A) A
For §S to vanish under arbitrary A and ¢ ;\, we must have Lagrange’s equations:
o (‘%> T i g (3.69)
Now turning our attention to the variation of the Lagrangian density dgL, we have
oL oL oL oL
doL 8A5 + 8((9”[\)5(6# ) oA+ 6(8HA)Q(8“ )=0 (3.70)
which implies N identities:T
oL oL
—ToA+ ——T,(0,A) = 0. 71
A +6(8#A) (OuA) =0 (3.71)
By using this, and Lagrange’s equations, we obtain:
oL oL
ol =—=—— | TuA+ ——-T,(0,A) =0 3.72
(50,17) 74+ g, 170 )
from which it is immediately seen from the product rule that
oL
—T,A| =0. .
% o] =0 (3:73)

TThe T, appear by recalling that o = Tha®.
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We define the global symmetry current TK ., to be

—0L
T = _—"_T,A .74
A = 50,0 ()

satisfying the equation
G#T/’\"a =0. (3.75)
From the Elko free particle Lagrangian we see that

oL

— 9" A and = 9MA (3.76)
0(0uN) (8, )
so we get
T}, = (0" N)TaA+ A To(9"A). (3.77)
Expanding on the equation of continuity,
ory .
WTRe= "3 +V Taa=0 (3.78)
and integrating over all space yields
d 0 73 3
— Ty ,d°x + V - Thd’x =0. (3.79)
dt V—o0 ’ V—o0

But by the divergence theorem

/ V-TA7ad3x:/ Th, - dS (3.80)
V—oo S—o00

which vanishes, given that the fields die off sufficiently fast, so the operator

TA@:/ Ty ,d°x (3.81)
V—oo ’

is constant in time and is the general global Elko symmetry operator. A global symmetry

operator gives rise to conservation laws like the conservation of electric charge for example.

3.5.2 General Local Elko Non-Abelian Gauge Symmetries

In this section, we introduce the covariant derivative and derive the general transformation
law for the resulting gauge field. Let us consider transformations with the constant parameters
replaced by arbitrary functions of spacetime position a® = o®(z). The Lagrangian is no longer

invariant because the transformation law of J,A is modified:
0u(00A) = Ou(a(x)A(z)) = (Opa)A + ady A = 500, A(x). (3.82)

A direct calculation reveals that that the variation of the Lagrangian no longer vanishes:

oL oL oc oc oL
(Sﬁ — ﬁéA + mé(@u[\) — 87Aa TaA + ma TaauA +

5oL (0u0)A,  (3.83)
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3.5 General Elko Non-Abelian Gauge Symmetries

S0
—0L
0L =— N =T, A| = — “TY .84
L (8“0[)[8(8MA) } (o) Ty, #0 (3.84)
in general. We now introduce a covariant derivative D,. We start by introducing a new
Lagrangian

£ =L(A,D,A) =D A D"A —m? A A (3.85)

where D, A transforms under local transformations in the same way as 9,A does under the

global ones:

doD A = aD,A. (3.86)
Now we have or or
= —alN+ ——— A=0. .
oL A" + 8(DMA)aD“ 0 (3.87)

We here construct the covariant derivative by introducing compensating gauge potentials
(fields) A, so that
DyA = (0, + AN, where A, =T,A]. (3.88)

We use the demand that 69D, ,A = aD,A to derive the transformation law for the gauge

potentials as follows. Expanding out the left hand side of this demand gives
50D/LA = 508,uA + (So(ANA) = 8“(60/&) + (5014#)1\ + AM(CS()A) (389)

= (0, 0)A + adu A + (S0 A, )A + A (5oA),

whereas the right hand side of this demand gives
a0 A+ aA A, (3.90)

Setting the expanded left hand side equal to the expanded right hand side and rearranging

yields
(00AL)A = —(0pa) A — [Ay, o] A (3.91)
from which it follows that
do A, = (=0 — [Ay, a]), (3.92)
but
(A, a]" = (LA, T, — o° T, A" = ([T, Tla®47)" = (fi.TaA;00)" (3.93)
and

fl;ic(sgAz ‘= fl;chZaca
so the gauge potential A transforms as
§AY = —0,A" — firAba“. (3.94)

The form of the covariant derivative of the Elko field D, A is determined by the transformation
rule of A:

DA = 9,A + SoA| (3.95)

a—AyL "
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We finish this section by commenting that Eqn. (3.86) is a non-abelian generalization of Eqn.
(3.54). If we hold to the assumption stated in Sec.(3.3) that the Elko dual of a non-Elko field
operator, say Q(x), gives the corresponding adjoint Qf(z), and if we take the Elko dual of
both sides of Eqn. (3.86), we get the corresponding non-abelian generalization of Eqn. (3.55)
so no extra assumptions are needed in order to ensure non-abelian gauge invariance. The
Lagrangian, Eq. (3.85), is invariant under non-abelian gauge transformations because of the

assumption we made in Sec. (3.3), namely, Eqn. (3.57).

3.5.3 The Field Strength Tensor

In order to write down Lagrangians for the gauge fields, we need to construct the field strength
tensor and derive its transformation properties. The field strength tensor F},, is defined by

the action of the commutator of covariant derivatives:
(D, DYJA = (0 + Au)(0y + AV)A — (0 + AV) (0, + Ap)A (3.96)
0Oy A — 0,0, A + (0, AV)A + AL O A+ Ao A+ ALALN — (0,A,)A — AL(OA)
—A,OuN — AJAN = (0, A, — 0L AL)N + [Ay, ALIA,

so we have

[Dy, DyJA = F2,T,A = Fy A (3.97)
Varying the field to see how it transforms yields
SoF, = 00(0,AL) — 80(0yAL) + S0 fru AL AL, (3.98)
= 0u(00A%) — 0y (80 A%) + 0o fiAb AG
= 9u[~0y0" — fi.ALa’] = 0,80 — fi, A af] + o fi AL AT
= —0uf5.ADa” + 0, fin Aba® + S0 L AD AS
= —0ufH A0 + 0, f4AGA + 8o f AL A
= f3l0u Ay — 0, A5]" + [ AL (0u0") — firAS(9,0%) + o fi AL AS.

The last term gives:

Sofse AP AL = Fiu(60AR) A + freAp (S0 A7) (3.99)
= Joel=0u0" — [ AL 1AL + [ Ap[=0s0¢ — [5.Afa]
= — fiu(0u”) A5 — [1u(0,0°) A — fiufh Al A — i fi A} Adal
=~ f5e(0u0") A5, = F5(000") Ay = fiefa AL AL = fifa AL Ao
= —[§u(0ua") AT + [iu(000) AG — S b At AT — S [ AT Al
SO

00Fy, = FrelOuAy — 0, A7)0 + fi A5 (0u0”) — fio AL (0u0”) — froAL(0a”) (3.100)
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+ e (80a”) AY, = frfae At AL — fifi AL A
= [5el0u A — 0, Af]” — [ fae ARt AL — [ fa. AL ALQ”.
Relabeling dummy indices in the last two terms to get a® gives
Fiel0u AL = 0, A )" + [~ fLfRALAL — fofi AL AT A", (3.101)
Swapping the d and e dummy indices around on the last term now gives
FielOu Ay = 0, AfLa” + [ e ARAT — [i.TSALAT . (3.102)
Also, from the Jacobi identity,
- caefgb = fl()chc?e + feabfdcc (3103)

and
—Jfacle = foafee + fonSea (3.104)

and given that in this adjoint representation, the f;. are completely antisymmetric in all

three indices, the terms with the repeated indices are zero so we now get
FoelOp A, — 0, A7)0" + [fi fi ALAT + F fea Al AT o (3.105)
= f5l0u A — 0, AG)” + fRLlfeALAL + fiALAT) A",

but the last two terms are just commutators of components of the gauge fields so we now
have
a8, Ay — 0, Ay) + [Ap, A])°. (3.106)

It then follows that the components of the field strength tensor transform as
SoF, = fra’F,. (3.107)
Contracting with T, reveals that the field strength tensor transforms as
SoFyw = [Ty, T)a" F,. (3.108)
By expanding this out, we see that it can be written in a slightly more slick form:
SoFw = Ty T FS, — T.F5,o"Ty = aFp, — Fuo = o, F), (3.109)

so, finally, we have
So b, = [, Fluw]®. (3.110)
We may now construct a Lagrangian Lr(A, 9, A) for the field by varying the Lagrangian and

demanding that dLr = 0. It can be shown, [73], that the solution is:

1
Lp= —TganbFaWFbW (3.111)
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where g is a scaling constant, which would be iq in the electromagnetic case for example, and
gab 1s the Cartan metric of the Lie algebra [74, p.46].

If we hold to what we see as being the most natural ways of filling the stated holes in Elko
Field Theory, then the Elko Lagrangian is U(1) gauge invariant. Non-abelian gauge fields
can correspond to the particles mediating the weak and strong forces. In the next section,
we take multiplets of Elko fields and look at general non-abelian gauge symmetries, which
immediately implies that Elko Lagrangians can be invariant under non-abelian SU(2) and
SU(3) gauge transformations in addition to the abelian U(1) gauge transformations.

We now move on to deriving the free particle Hamiltonian density, followed by deriving
the interaction Hamiltonian density that results from U(1) gauge invariance of the Elko

Lagrangian density.

3.6 Free Particle Hamiltonian

In this section the free particle Hamiltonian is written down in terms of the canonically con-
jugate momenta II and fI This is done so that later on, after the interaction Lagrangian has
been obtained from the U(1) gauge invariance of the Elko Lagrangian, the total Hamiltonian
can be written down, and the free particle Hamiltonian can be split off and the interaction
Hamiltonian clearly identified. The free particle Hamiltonian is written as a functional in

terms of Iy, ﬁo, A, X, Ok ;X and OFA. The free particle Lagrangian is given by

Lo=08, AO"A—m?AA. (3.112)

Given that or or
o = a—/{) =% A, To=— (3.113)

OA

the Lagrangian can be re-written so that
L=y AN+ AN —m? AN =Ty o +0 A A —m? A A. (3.114)
The free particle Hamiltonian density is then given by the Legendre transformation as

Ho = oA+ AT —Lo (3.115)
= o AN+ AN — 8, AIA+m®AA
= 209 A °A— 3o A O°A+ 8 A A +m> A A
= 9 A O°A+ 0 A Oph+m? A A
= Ty Mo +0k A A +m? A A
so the free particle Hamiltonian is therefore

Ho = /d?’x[ﬂo o +% A 9kA +m? A Al. (3.116)

We now turn our attention to the task of calculating the interaction Hamiltonian density.
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3.7 The Interaction Hamiltonian Density

3.7 The Interaction Hamiltonian Density

As was discussed in Chapter 2, the S-matrix is the matrix whose entries are the probability
amplitudes of various particle interactions happening. These probability amplitudes are cru-
cially dependent on the interaction Hamiltonian density. In a gauge theory, the interaction
Hamiltonian density can be determined by the symmetries of the Lagrangian. In this section
we use the standard procedure for the Klein-Gordon Lagrangians applied to the scalar fields,
on Elko fields, in order to derive the interaction Hamiltonian density for the Elko fields when
interacting with a U(1) gauge quantum.

In this section we continue to assume that the Elko discrete index o, and the operation of the
Elko dual, are such that the Elko Lagrangian density is invariant under both global and local
U(1) gauge transformations. Firstly, the interaction Lagrangian density is obtained directly
from the Elko Lagrangian partial derivatives being replaced with covariant derivatives. We
then calculate the canonically conjugate momenta II and ﬁ We then perform a Legendre
transformation and write the Hamiltonian as a functional of the A’s and II’s. Once the
free particle Hamiltonian is identified, we split it off from the total Hamiltonian, leaving
the interaction Hamiltonian from which we obtain the interaction Hamiltonian density. We
require the interaction Hamiltonian density for S-matrix calculations.

In order to make the form of the interaction Lagrangian that arises from U(1) gauge

invariance clear, we now write the Elko Lagrangian as
£ =D,A D"A —m?A A (3.117)

— (8, —iqA,) A (O* +igAM)A —m2 A A. 3.118
H H

The A, that appears here on the left, more properly should be written as AL but we here
work with gauge quanta that are massless and contain no conserved quantum numbers so
that A, = AL (Since the uw and v coefficient functions are complex conjugates of each other,
[42, p.211].). Separating out the free particle Lagrangian, the total Lagrangian £ takes the

form

L= Lxc + Lint (3.119)

where the interaction Lagrangian density Ly is read off from above to givel

Ling = —iq[A (0"A) — (0" A)AJA, + ¢? A" A, A A. (3.120)

We now calculate the canonically conjugate momenta II and ﬁ to be**

oL = -
M= "= =A—igA° A 3.121
9 iq (3.121)

19, A" = g,,g" 0" Ay = 650" A, = D" A, = I A,,.
**AO — AO-
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3 Elko Fields and Interactions

and
e 25 A 4 igaA®A.

OA

(3.122)

We are now in a position to calculate the form of the interaction Hamiltonian, which is needed

in order to take advantage of the S-matrix formalism. Firstly, the Hamiltonian is given by a

Legendre transformation to be
H(AT) = Hxg + Hing = / Px[TA+ 10 A— Lxc — Lint)-
By observing from the expressions for the canonically conjugate momenta that
j\ = II + igA° A

and
A =TI —igA°A,

the Hamiltonian then becomes

H= / XTI —igA°A) + (I + igA® A) TT —8,, A O"A +m?2 A A

Fig(A (0MA) — (0" N)A)A, — *AFA, A A,

which, upon multiplying out, yields't

H= /d?’x[H T +I1 T —igA’TIA + iqgA° ATT —AA + 0 A OpA +m?> A A

+ig(A A — AN)Ag — PAP A, A A +ig(A (0FA) — (0% A)A)Ay).

If we now note that

AA = [IT + igAg AJ[TT —igAgA] =
IT 1T —igAoTTA + igAo TIA +¢2A2 A A
and also that ]
iqlA A — AAJAg = ig[A [T —igAgA] — [T+ igAg AJA]JA°

— ig[ATT —TIAJA° + 24242 A A,
the Hamiltonian is seen to take the form

H= / d3x[21T 1T +igA°[TIA —TIA] — IT TT —igA°[AT] —TIA] + ) A DA

Fm2 A A +ig(ATT —TIA)A® + 22 A2 A A — ®A2 A A + 2 AR Ay, A A

+iglA (9"A) — (9 A)AJA — ¢?A2 A Al

" The term with the d’s has a plus sign because 9 = —d*.
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(3.124)

(3.125)

(3.126)

(3.127)

(3.128)

(3.129)
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3.8 Checking the Canonical Anti-Commutation Relations for the full Lagrangian

Simplifying this expression down a bit before extracting the part that corresponds to the

interaction Hamiltonian, yields
H= / dPx[IT TT +ig(TTIA —TIA)A® + (9 A)(OkA) +m> A A + A2 A A (3.131)
Fig(A (OkA) — (9 A)A)A, — PA3 A A+ > A Ay, A Al
Finally, noting that the free particle Hamiltonian is
Hye = /d3x[H T+ A A +m? A A, (3.132)
splitting this off from the full Hamiltonian reveals the interaction Hamiltonian to be

Hipe = / Ex[ig(ATT ~TIA)A® + 2ig(A '3 FA) A, — ¢ A, AF A A]. (3.133)

Taking the interaction Hamiltonian density from this and rewriting it as H (A, A, K, K) yields
Hine = ig[A (A + igAoA) (f\ —igAg MAJA + 2ig(A DAV A, — PAAR A A, (3.134)
which becomes
Hine = ig(A 9 A)Ag — 2AZ A A — 2A2 A A +ig(h D *A) Ay — 2ALAF A A, (3.135)
Simplifying yields
Hine = 2iq(A 9 PA)A, — PA AR A A — 2AgA° A A. (3.136)

By inspection of this expression, and recalling the expression for the interaction Lagrangian

density Lint, we see that the interaction Hamiltonian density H;nt simply becomes
Hint = —Lint — ¢*A5 A A (3.137)

This last term, although non-covariant, can be made to disappear [75, sec.6.14][42]. The next
section is just a check to make sure that the canonical anti-commutation relations still hold

with the new canonically conjugate field momentum.

3.8 Checking the Canonical Anti-Commutation Relations for the

full Lagrangian

In this section we calculate the anticommutation relations {Aq (x,t), II(y, t)}, {Aa(x,t), Ag(y, t)}
and {Il,(x,t),1Ig(y,t)}, where the canonically conjugate field momenta are as given in the

previous section. We take the full Lagrangian £ = Lxa + Lint, to be

L= (8, A)(0"A) —m? A A —ig[A (0"A) — (8" A)AJA, + ¢*APA, A A. (3.138)
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3 Elko Fields and Interactions

Taking the canonically conjugate momenta from the full Lagrangian, the first anti-commutator

becomes

{Aa(x,1), sy, 1)} = {Aa(x,1), Zﬁ(y,y)} — igA™{Aa(x,1), Ag (¥, 1)} (3.139)

The first of these two anticommutators is just the original anticommutation relation corre-
sponding to the Elko Klein-Gordon Lagrangian, the result of which has already been stated.
In order for the overall anticommutator to agree with this one, it is therefore necessary
that the second anti-commutator above vanish. A direct calculation reveals that this is so.

Substituting the mode expansions into the second anti-commutator yields:

e8P, (b, B)a(p,h) + PG (p Y (p B (3.140)

| a i o
(2m)3\/2mE(p) -

eI € (o 1)al (0 1)+ €T G (o, 1B, 1)+

/ZW\/WZ

’Lp " ip’ yg ( ) T(p/,h/) + e—ipO’t+ip’~y Eﬁ (p/,h/)b(p,,h,)]x

/QWWZ

P t+zp$£ (p, h)a(p, )+ezpt e (p, )bT(p’h)]

/%jWZ

which becomest

3 et (x—y) _
/ (d i QTI;LE D _la(pih vh) + Ca(=p, h) (g (=P, h)]- (3.141)
h

Evaluating the spin sums yields

Bp P xY)
/ (2m)3 mT(m[m(l +G(P)ap) + (=m(1 = G(=p))ap)]- (3.142)

Since —G(—p) = G(p), we see that the above becomes

Bp P xY)
/ (2m)3 %T(p)[m(l +G(P)ag) + —m(l+ G(P))ag] (3.143)

which vanishes so we are left with the result that

{Aa(x,1), TIg(y, 1)} = i0°(x — ¥)0ap + i / (27:))3 e Y 3(p). (3.144)

The second term on the right hand side of Eqn. (3.144) in general does not vanish. There is

a preferred frame along the z-direction in which this term vanishes. The anti-commutation

#1In getting to the previous step to this one, we have collected the terms and the anti-commutation relations
between the creation and annihilation operators have been evaluated and the resulting delta functions have
been used to evaluate the integral over p’. Finally, we have made the change of variable p — —p in the second

term and the now common exponential factor has been taken out.
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3.9 Elko and Dirac Symmetry Currents

relation {Aq(x,t), Ag(y,t)} is the same as before so does not need to be checked. Moving on
to the anti-commutator {Il,(x,t),Iz(y,t)}, we see that:

{Ha (Xa t)? H,B (Ya t)} = {Xa (Xa t)7 Kﬁ (Yv t)} - z.qAO{/_.‘on (Xv t)? Kﬁ (Y7 t)} (3'145)

—igA"{ Ao (x, t)j\ﬁ(y,t)} — A Nq (x,1), Ag (y.1)}.

The first anti-commutator is already known to vanish and the fourth one clearly vanishes

also, since {An(x,t), Ag(y,t)} = 0. Taking the second of the four anti-commutators yields:

d3d3/ ip® t—ip-y ip’t—ip-w ¢ ;
/ / ) S [t R e T ¢ h) g4 (p, 1) {al (p, h), af (9, 1)}

mEFE' W
(3.146)
+3 similar terms with vanishing anti-commutators] = 0
which completes the check.
3.9 Elko and Dirac Symmetry Currents
For a system of N Elko particles the free particle Lagrangian is given by
1 - 1 - 1 2 - 1 2 -
L= §8N A1 OMAL + - 58# ANy OFAN + im AMA+-- -+ §m AN An. (3.147)

If we define A to be the N x 1 column matrix whose N entries are the N Elko fields, and we

vary the Lagrangian, and demand that it be set equal to zero, we get

Y ooc oL -
0:5528”[;(W5Ai+w5 A)] (3.148)
From the Lagrangian, we see that
5 (ngi) = 0" A, 8;%) = 91, (3.149)
b Ai
so 0L becomes
5L = 0,[(0" A)SA +5 A (9"A)] =0 (3.150)

We now look at a global U(1) phase transformation, with variation in the fields given by
SA = —iah, 6 A=iaA. (3.151)
Putting this into the variation of the Lagrangian density yields:
5L = ad,[i(A (0"A) — (8" A)A] = 0. (3.152)

We identify the part in the square brackets with the global U(1) symmetry current so we
have
Jhvee,n = 1(A (O"A) — (9" A)A). (3.153)
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3 Elko Fields and Interactions

Recalling the Elko interaction Lagrangian
Line = —ig[A (0"A) — (0" A)AJA, + ?A* A, A A, (3.154)

the local U(1) Elko current is

—-oL

jglko = aAM (3155)

which gives$
o = 1alA (9"A) — (9" A)A] — 27 A" A A. (3.156)

The Dirac interaction which arises from local U(1) gauge invariance is [59, p.191]
Ling = —iqiy" A, (3.157)

from which the Dirac local U(1) symmetry current

—0L
T
JDirac = (3158)
b 0A,
is immediately seen to be
Ibirac = 1qU ). (3.159)

We now look at a hypothetical scattering scenario between Elko and Dirac particles via

exchange of a common U (1) gauge quantum.

3.10 Elko and Dirac Particle Scattering via Exchange of U(1)
Gauge Quanta

In this section we show that, to second order, local U(1) gauge interactions with other particles
give rise to invariant amplitudes but the invariance is lost at fourth order due to the Elko time
ordered product. We illustrate this point here by considering the scattering of an electron with
a hypothetical negatively charged Elko particle via the exchange of a U(1) gauge quantum.
When such language as “electromagnetic interactions” or “photon” is used here, the notion
of the Standard Model photon is not necessarily meant. For the purposes of this section, we
simply take a local U(1) gauge symmetry and assume that both Elko and Dirac particles share
this particular gauge quantum but leave it as an open question as to whether it corresponds
to the U(1) gauge quantum of the Standard Model or not. The S-matrix elements Sy; are
given by

(F1810) = Spi = A + AD + AP+ =S Al (3.160)
n=0

8The “2A"” comes about as follows: %(A”Ay) = gaV%(AaAu) which, upon using the product rule,
gives g&¥ (gﬁ‘i AL+ Aa%), which, in turn becomes g*” (65 A, +6, Aa) = g"" AL +g"* An = A+ AF = 2A%,
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3.10 Elko and Dirac Particle Scattering via Exchange of U(1) Gauge Quanta

where
AR = (1Ll (3.161)
AR = —ide (f| Him () |i) (3.162)
-1
A7 = / / d'wrd*xs (f] T{Hiwt (1) Hing (22) } |3) (3.163)
etc., and
S = Z (_nl') / R /d4l‘1d41‘2 . d4nnT{Hmt(fL’1)Him($2) e Hint(xn)}- (3.164)
n=0 ’

We here consider the scattering process (here the k’s are not the same as the standard

momentum k* = (k% k) given in Chapter 2.)
e (ko) + A" (p,h) = e (K,0') + A7 (P, 1)

and wish to calculate the second order scattering amplitude .A(Qi), with the Elko and Dirac

electromagnetic symmetry currents being
T — [Z\ (O"A) — (a# ]\) A} —22A A A and (3.165)
Ihirac = 14" (3.166)

We will however, neglect the 2¢ A X A term of the Elko symmetry current because we are
considering the scattering process at order ¢? where this term will not contribute. The total

interaction Hamiltonian density for this scattering process at second order is simply
Hine (@) = [ + 5] Ay = [~iq | K (@"8) = (0" &) A] = avrv] 4. (3.167)

The fields that will be needed are the Elko fields as well as the Dirac fields

b(z) = / oy FZ | u(p, o)a(p, o) + e~ " "u(p, 7)a (p, )] (3.168)

P(z) = /(27r 3\/72[ —ip-ry o-)an( )+62p$ (p,0)a C(p’o_)]’ (3.169)

and the fields for the U(1) gauge quanta,
H —1k- T tk-x _*p i
Al (z) = / (2m) 3FZ [ #(k, Na(k, ) + e et (k, Vol (k, /\)] : (3.170)

where a(k, «) is the operator which destroys a photon of three-momentum k and helicity A,
and af(k, ) is the operator which creates a photon of three-momentum k and helicity A, and
et(k, A) and e**(k, \) are the u and v coefficient functions respectively. The helicity label A
is a two-valued discrete index.

With the following normalization choice:

Ipi,0i) = \/2E;ai(pi, 0:) |0) (3.171)

75



3 Elko Fields and Interactions

for particle species i with o; = {£1/2,+h}, the second order amplitude becomes
@ _ (=1)? 4 4
.A = 2'//d xld T2 <0‘ a(pg,JQ)C(DQ,hg)T{Hint({L'l)Hjm(mQ)}X

1
¢ (p1,h)al (p1,01) |0) (16ED ED EA EX 3.

Putting the expression for the interaction Hamiltonian density into this and only keeping the

surviving terms yields
—)? '
S [ [ e (o md] 56 o ) 01 T{AL () A (2]} 0)

(p?, 09| jh(x2) [PLol) + (21 <> 22)}.

Calculating the matrix elements separately gives
X _ ("D _.Dy.
(P8, 08| ip(@2) |pY. o) = —qu(pF, of ) u(pl, o )e~iPr —p2) w2 (3.172)
. A Apy  —i(ph—ph).
(p3, 15| jh(x1) [P, hY) = —q(py” + pyt)eiPi—P2): (3.173)

{ [guu + (1 - E)QMQV/QQ]

(O T{Au(z1)Au(2)} |0) = 7 ,

(3.174)

where the first and third of these matrix elements are just the usual ones for the Dirac
symmetry current and photon propagator respectively. The ¢? factors here are momentum
factors and are not to be confused with the coupling constant ¢g. The Elko symmetry current
of Eqn. (3.156) has exactly the same form as that of the scalar field case. Taking this, and
noting that the (x1 <> x2) term in the second order amplitude is the same except for the x;
and x9 being in different places, performing the x; and x5 integrals and taking advantage of

the symmetry of the delta function yields the second order amplitude
A®) = i(2m)*6* (pt + py — i — b ) M- 5~ (3.175)

where

3 v 1-— v 2
R ]] (60 P u(p, oP) (3176)

iMe— p- = (—i)2q(p* + py*) [

1 v - v 2 .
—<—z‘>2jx<p?,p9>[ g+ O Ote) q]] L (0P, 0b).

The second term in the photon propagator is contracted onto the symmetry currents and

therefore disappears leaving the invariant amplitude looking more obviously invariant:

) Y G .y
iMo— a- = (—i)%5h_ (P}, p5) qZ”Jef (P, p). (3.177)
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3.10 Elko and Dirac Particle Scattering via Exchange of U(1) Gauge Quanta

3.10.1 The Cross-section

In this section, we perform a cross section calculation for a beam of electrons scattering off a
hypothetical target made of Elko particles. The cross section is a measure of the interacting
cross sectional area as seen by the incoming particles. The unit of a cross section is the unit
of area. To illustrate the idea a bit more clearly, the differential cross section element do
means [58, p.385][76]:

scattered electron flux
do = - - X cross sectional area of interaction. (3.178)
incoming electron flux

If we use the bor normalization procedure, imagining that space has a finite volume V', and
also that the interaction is turned on for a finite period of time 7', then (27)*5%(0) is effectively

VT [42, sec.3.4][59, sec.6.3]. The transition rate per unit volume is then

AR
Py = Vig = (2m)*6*(p? + pP — py — pP) M- a- %, (3.179)
where
AP = @) 8t (o) + pP — pd — pf)iM.- a-. (3.180)

Dividing through by the number of scattering particles per unit volume will give a normaliza-
tion independent quantity. Also, if we wish to have a quantity which can be compared from
experiment to experiment, the dependence of the transition rate on the incident flux of parti-
cles and on the number of target particles per unit volume needs to be removed. Towards this
end, we integrate over the number density of final states, consistent with energy-momentum
conservation. We choose the normalization so that there are 2E; particles of species ¢ per unit
volume. If we choose the incident beam of particles to be the electrons with an incident flux
of 2E,- |v|, where |v| is the velocity of the incoming electrons, and if we choose the number
of target Elko particles per unit volume to be 2F, -, then the number density of final states,
which is the number of final states per particle in momentum space around the momenta pg

and péx, is given by
d’py  d’py
(2m)32EP (2m)32E)

AN} = (3.181)

and the cross section o = [ do is then given by:

(2m)* // A4/ A, D A D , d*p¥ d>ph
4] —py — M - A- ) 3.182
(2Br ) (2B, ) V] W et =ps =)Mo P pp oy (3182

If we define the Lorentz invariant phase space by

A D 1 4. A, p A _pdpddp)
dLips(e™,py,py ) = 7(4@25 (1 +pr — P2 —p7) ED EA (3.183)
2 2
the cross-section then becomes
1 207 —.pA D
= — x-|*dLips(E~; P. . 3.184
9 4EA7E87|V| /‘Me A ‘ lpS( ;95D ) ( )
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3 Elko Fields and Interactions

Next, the flux factor can be written in an invariant form. Since we can write

m.—
E_-=— 3.185
T I—v (3.185)
it follows by rearranging that
2
vi=1- e (3.186)
E? ’
e
so the flux factor becomes
E3_E? |v|*=E3_E* — E3_m?>.. (3.187)
If we take Ey- = m,- then Ey-E,— = pp- - p,— so we get
1
EA*Ee* ’V’ = [(pA* : pe*)z - m?\*mz*] 2, (3'188)
so the cross section becomes
1 . _
o= ; 5 T /\M!ZdLlps(e ;pé\,pZD). (3.189)
A(pa- - pe=)? —miy-mg_]2
Moving to the CM frame, we have
pi +pf =0=pj +p? (3.190)
so the al3p’2x integral becomes
1
Bt 0P o) = B BD - BS - BD). (ao
2
Our Lorentz invariant phase space now ends up being
1 d*p?
S(EM + EP — E) — EP 2 3.192
(4r)? (BT + By 2 2)E2DE§ ( )
By observing that
EP = (m§? + pf?)2 (3.193)
from which it follows that N D
dEy P3
; 3.194
dp?|  Ef (3194
rearranging yields
EydEy = |p3|d|py|- (3.195)
Re-writing d®p?’ in terms of angular variables as
d’py = p3*d|p3|dQ (3.196)
and substituting Eqn. (3.196) into Eqn. (3.192) gives
1 pPd ’p2 ‘ ds)
S(EX+EP —E) —EPYZ2 2 3.197
(4n)? (BT + B 2 5) EDED ( )
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3.10 Elko and Dirac Particle Scattering via Exchange of U(1) Gauge Quanta
Now we substitute Eqn. (3.195) into Eqn. (3.197) to obtain

dE.
[p2’| dE dOS(EN + EP — B} — ED). (3.198)

dLips(e”;py, pY) = (Am)2 BN

In order to further rewrite the Lorentz invariant phase space, we observe that in the CM

frame
pf =p=-p}, P5 =p2=-p> (3.199)
and
EPAED = |py|d|ps| = EMAED (3.200)
and define
W =EP + E} - dW = dEY + dEY, (3.201)
from which it follows that
p2|dp?| |p3|dlpS|  Walpaldpa|  WadEYP
dW = + = = (3.202)
EP E} EPEL} EY

so the Lorentz invariant phase space now becomes

. aw.
dLips(e™: pbt, pP) = (!P2|)2W22 S(W1 — Wa)do. (3.203)
Performing the W5 integral gives
dLips(e—; pb,pP) = — P14 3.204
1ps(e 3 P25 D2 ) - (47T)2W1 ( : )

so now the cross section reads

1 p1]|M?|

U_/4[(pA—'pe—) —m2_m2_]3 (4W)2W1d9' (3:205)

Before writing the cross-section in its final form, we note that since
pP pd = EPE} +p?, (3.206)
it follows that
(PP - p)? — mP?m)? = (EPED + p?)(EPEN + p2) — mP2mi? = (3.207)
(EPEY)? + 2B EY + p* — [EP? - p?)[E? - p°] =
(BPEY)? +2BPEL + p' — (BPEY)? + EP?p® + Ep? — p'
= (B + E{")’p® = Wip’
With this observation made, the cross-section now becomes

1
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It follows directly, that the differential cross-section in the CM frame is given by

do 1 2
— 2
00|y, = G M (3:209)
It just remains to evaluate the invariant amplitude
1
M? — B} Z (M- p-(01,02) (3.210)

01,02

which is given by

62
(5) 5 X laef.of 1 uePof Nawd B 1 ulpPoP )V (o + o)t + p)ee (3210)

01,02

Firstly, the factor with the dagger can be re-written by observing that

[a(py, 03 )y u(plol)]" = u' (P, o)y 17 T u(p?, o}) (3.212)

and inserting 1 = (v%)? to obtain

Wl (PP, o2y 1 u(p?, oB) = a(pP, o )y u(p?, of). (3.213)

The invariant amplitude therefore becomes

62
(5) 5 S awf oD utePol)atop o 1y uled Dot +p)uh + ). (3:214)

01,02

The sum over the factor in square brackets, in terms of matrix components becomes

Y @a(ps08) (1" )as(ppt” +m)p, (7)r5us(pY, 0F) (3.215)

D D
01,05

D D
= (VP 4+ M)5a(Y)ap(1oP] +m) 8y (7" )rs

—Z Y057 + mI (pr” +m)vlss

= Tr[(yppg + m)V”(%\]h +m)y”].

Using the following trace theorems [59, p.379-382]:

Trl =4 (3.216)

Tr(odd number ofy’s) = 0 (3.217)

Tr(yuaty,b") = 4(a - b) (3.218)

Tr(yay, b v, yad) = 4[(a - b)(c- d) + (a-d)(b-c) — (a- c)(b- d)] (3.219)

the second rank contravariant tensor becomes

1
5 (Trhap%D Vg P Y] + Tr[yaps Py mn) (3.220)
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+Tr[mA yaptPmA"] + Tr[mzfy“’y”D
1 D_u v
=5 (TrhapS‘D Vel )+ mPTr[yty ])

Du D D
= 2[py " " + pBrpyt — (0F - pD) g + 2mPgh.

By defining
¢* = (7 —py)? =2m2- —2p7 -py, (3.221)
the tensor becomes
DuDv , Dv D, (TN
2[192 "oy + oy e+ (5)9’“‘ } (3.222)

To evaluate the invariant amplitude, we now just have to contract this with the second rank

covariant tensor given by

(p1 + 15) (Pt + 150 (3.223)
Doing this yields
2
Du_ D D q
2[py pr " + p8 M + (5)9“”](19? + P2 (ot + 15w (3.224)

Du D Dv D A A A A A A A A
= 2[py "' py" + 3y pY PPty + PLPY, + Poupt, + P2P0]

+¢ g™ [P2, 01, PPd, + PP, + Pouph] =
D A D A D A D A D A D A D A D A
2[(py - p1)(py - p1) + (b3 1)1 - p2) + (P2 - p2)(py - p1) + (p3 - p3)(p1 - P3)+

o) (08 - pt) + o - o) F - p3) + (- )PP - pl) + (- p3) (05 - p3)

A A A A A Ap A A

+@* [Py + phpy” + poupy Pl

= 2[8(py - pP)(p? - pB)] + 4¢*m}

A Dy A D q2 2

=382(p1 -p1)(pr -3 + (7) Al

2

since pl’ - pé\ =pP. p{‘, p{\ pP =pP. pé\ and pi\2 = pQQ = m%. Finally, if we define
of = — (3.225)

the expression for the differential cross-section in the center of mass frame becomes

_ 202
= 2
o Wi q*

do

2
q
o) [2(17? D)t - pY) + mi |- (3.226)

2

The invariant amplitude at second order, is just that, invariant. We now look at an example

of a fourth order correction which makes up part of a fourth order amplitude .Agf?.
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3 Elko Fields and Interactions

3.10.2 Problems With Elko at the Loop Correction Level

Here, we consider just a single contribution to a Feynman tree diagram for AT, A~ scattering
via the exchange of a photon, with a 1 loop correction where one branch of the loop is a
virtual A* Elko particle and the other branch of the loop, a virtual A~ Elko particle. The

contribution here considered is

(—1ig) ////d4x1d4x2d x3d4m4e (P, —Pp+ )21 l(PA+ —Pp-)T2 (3.227)

(0] T{A(21) A(3)} 0) (0] T{A(2) A(z4)} [0) x
O T(A* (25) K ()} |0) O] T{A~(z3) A (24)}]0).

where p/, _ is the outgoing A~ particle momentum, pa+ is the incoming A* momentum, p/, ,
is the outgoing A™ momentum and p,- is the incoming A~ momentum. Each propagator is a
function of coordinate differences so we here introduce coordinates x = 1 — x3, y = T2 — x4,
z = x3 — x4 and the center of mass coordinate X = (371 + x9 + x3 + x4). The Jacobian of
the coordinate transformation is unity. If we introduce the usual shorthand notation for the

propagators, namely D4(z) etc, we get
(=ig) / / / / A X dAwd*yd? ze'Phm TP TPam TPt ) X B P Bomyd22)/4 (3 99g)
x ¢! Phs a2 D L (1) D s (y) Do (2) D (2).
Integrating over X and setting ¢ = p)y_ — pa+ = pa- — P4 yields
(i)' n)'5 -+ hs —pa —pac) [ [ [ dadtydtacne (3.229)

x D g(x)e YD A(y)Dy+ (2)Dy- (2).

The integrals over x and y give the Fourier transforms of the photon propagators. The

remaining factor, which represents the loop, is given by

(—ig)? / d*2e" Dy (2)Dy-(2). (3.230)
To make the non-covariance of this term more explicit, this becomes

4 ei(prp2)-2 d prd'py 1+G(p1)  1+G(pa)
(=1 d'ze’ 2 2 2 2 .
2m)4 (2m)4 pt — mA, + iep; — mA_ + i€

d4 d* 1+ G 1+ G
_ (—ig)(2m)*6* (b1 + p2 — // p1 pzp + G(p1) + G(p2)

] i++i6p%fmi_+ie
— (_Z-g)Q/ d4p 1+ G(pl) 1+ G(p2)
(2m)* p? —mi, +ie (g —p)? —mi_ +ie’

which is not manifestly Lorentz covariant.
Simply having non-covariant terms in the propagator is not enough to know whether the

physical observables are Lorentz invariant. Before commenting further on the non-manifest
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3.10 Elko and Dirac Particle Scattering via Exchange of U(1) Gauge Quanta

Lorentz invariance of the Elko propagator, we pause to review a well known similar situation
in the spin-1 massive vector field case. This review is based on [42, sec.6,2] but with the
metric diag(+1,—1, —1, —1) consistent with that used in the Elko papers cited in this thesis.

The propagator for Dirac type fermions, has the general form

a3 . |

/ (2771))3 20: 0(z — y)u(p, o, )y (p, o, n)e™ "7 — O(y — 2)vi, (p, o, n)ve(p, o, n)e P74,
(3.231)

where (x —y) is the theta function [59, p.363]. Also, in general the spin sums have the form

1
ug(p, o, n)uy (p,0,n) = ———=—="PLpn(p, VP? + m2) (3.232)
2 m N "

-1
v(p,o,n)vs (p,o,n) = ———Ppp(—p, — /P2 + m2 3.233
where Py, (p, \/P? + m2) is a polynomial depending on the spin of the particle. For standard

Dirac type massive spin-1/2 particles we have

Pom = [(=iv"pp + m)Blom (3.234)
and for massive spin-1 bosons,
1
Pu(p) = thw + —Dubv- (3.235)

The polynomial P, (p,/p? +m2) is only defined on the mass shell with p® = \/p? + m?2.

In a propagator calculation we integrate over all four-momenta so a more general polynomial

is needed. By observing that
@")* = (p* +m®) and (") =p°(p* +m?)", (3.236)
Weinberg defines the more general polynomials P(%) (p), such that

PE(p) = P(p) when p° = +/p?+m? (3.237)

and
PE(q) = PO(q) 4+ ¢"PM(q) otherwise. (3.238)

A little bit more detail concerning the different parts of the generalized polynomial P(F)(q)
will be touched on after Eq. (3.240).
A standard calculation of the massive spin-1 propagator using the theta function 60(t)

integral representation

o(t) = — / ) (3.239)

T omi oo St i€
and inserting the change of variables q = p, ¢ = p® + s into the first term in Eqn. (3.231)
gives the propagator to be

(L) iq-(z—y)
P q-(z—y
! / i (4) d (3.240)

(2m)4 q?> —m? +ie
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3 Elko Fields and Interactions

When p? = m?, the polynomial P(L)(q) is Lorentz invariant. The integration is over all ¢,
the result being that the expression only preserves its Lorentz invariance if the polynomial
is linear in ¢° and also linear in each ¢’. For the Dirac case Pg(é) (q) = Pn(q) but for the

massive spin-1 vector field case we have

1
Pu(q) = nuw + unq,, (3.241)

which is quadratic in gy so we take the component Pyy(g). In order to add an extra term to
P, (q) to get an expression for Pﬁ)(q), the extra term must cancel the (go)? term in Pyo(q)

and also vanish when ¢ is on the mass shell. Hence we have
1
PE(9) = s + —50uqy = m*630)(¢* —m*) = Pu(q) —m*(¢* —m*)05). (3.242)

Thus, the massive spin-1 propagator becomes

/ Pu(g)e?@ 2 / (q* — m?)ofpeis (=) diq (3.243)
2mt ) ¢ - m2 +ie  (2m)? ¢* —m? + ie |

which simplifies to

1 Pyu(q)e' ==y 24 050
@ / q’; e el 6z —y)d,0,. (3.244)

The second term in the propagator here is non-covariant. The essential observation here
however, is that it is local, containing a 6*(z — y) factor.

Weinberg explains in [42, p.278], that in such cases, the non-covariant term can be canceled
by adding a non-covariant local term to the Hamiltonian density. Weinberg points out that
if the interaction between a vector field V},(x) and other fields happens via a coupling with a
symmetry current J#(x), then the non-covariant term in the propagator yields an interaction

term

, 1. - —1
—iHeg(z) = 5[—ZJ“(;E)][—ZJ ()] [deég} . (3.245)
The Hamiltonian density in its entirety now has the general form
H(z) =+ Heg- (3.246)

We are free to add a non-covariant local term Hync to the Hamiltonian to get

H(z) = + Herr + Hne- (3.247)
If we choose
1 0 2
Hne = —Het = 27m2[l] ()] (3.248)

the result is a Lorentz invariant S-matrix [42, sec.7.5].

The Elko propagator is proportional to

&P ip(e—y) 1 AP ip(e—y) G(p)
/ (271)46 [pup“ —m2+ ie] + / (277)46 [pup” —m2+ ie] ' (3.249)
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3.10 Elko and Dirac Particle Scattering via Exchange of U(1) Gauge Quanta

In [49, sec.2.6] the spacelike unit four-vector g* = (0, g) is introduced where g = (sin(¢), — cos(¢), 0)
so that g,p" = 0. The matrix G(p) is related to the four-vector g* by

G(p) = 9" (3.250)

The appearance of g” makes clear the presence of a preferred axis. In order for the second
term in the Elko propagator to disappear, the vector x — y must be aligned along the z-
axis, and it need not be demanded that x — y = 0 everywhere except at a point. This is
why [49] speaks of an axis of locality. In general, the second term in the Elko propagator is
non-vanishing and non-local. We cannot add a non-local term to the Hamiltonian density
to compensate so the problem of a lack of manifest Lorentz invariance at the loop correction
level which contains the Elko propagator remains.

The presence of these G(p) functions in the Elko “propagator” also puts question marks
over what the free particle Elko Lagrangian density should be in the first place. It becomes
a natural priority to try to answer the question can the Elko quantum field be derived from

considerations of the state space? We examine this question now, in Chapter 4.
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4 Elko Fields and the Weinberg Formalism

4.1 Introduction

At this point we wish to comment on two different perspectives in Quantum Field Theory
which are related to each other. Historically, the search for quantum fields tended to be
undertaken by starting off with a classical equation of motion, looking for classical solutions
to the classical field equation, and thinking about how to quantize the classical solution.
Plane wave solutions to the classical equations would be found and then the coefficients were
“promoted” to being operators, otherwise known as the creation and annihilation operators.

This approach to setting up quantum fields is radically different to the approach given by
Weinberg, who, by contrast, focuses directly on the Hilbert space of physical states from the
start. As shown in Chapter 2, the quantum fields naturally arise from considering what the
Hilbert space must look like under the Poincaré group and considering what the locality of
physical events implies for the Hilbert space of physical states.

When taking Weinberg’s perspective on setting up quantum fields, we believe that it is
clear what is needed to have a quantum field, namely, a Hilbert space, a (anti) unitary repre-
sentation of the Poincaré group on the Hilbert space, and a finite-dimensional representation
of the strict Poincaré group. There is an interplay between the two representations, the
details of which are explicitly manifest in Weinberg’s formalism.

This interplay between the two representations which need to work together in an appro-
priate way to define quantum fields would be more obscure if one were to take the usual
approach of starting with a classical field equation with classical plane wave solutions and
then quantizing the classical fields. That approach makes it difficult to think about the
transformation properties of the field operators on the state space.

The Elko field was postulated based on the transformation properties of the Elko spinors
under the finite-dimensional strict Poincaré group. The transformation properties of the
overall Elko quantum field itself were obscure for a long time.

In this chapter, we turn our attention to the transformation properties of the Elko quantum
field under the Poincaré spacetime symmetries and we think about how the Elko quantum
field can fit into the general structure as set up by Weinberg. This is where the advan-
tages of Weinberg’s formalism become clearer since the Weinberg formalism makes explicit
the interplay between the two representations which is needed to both satisfy the Cluster

Decomposition Principle and preserve the Lorentz invariance of the S-matrix.
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4 Elko Fields and the Weinberg Formalism

We finish the chapter by considering Elko causality issues and also the Elko cousin field
which was brought about by considering the symmetries of Very Special Relativity. We argue
based on the method of induced representations that such a field does not arise, at least in

the usual way one approaches Quantum Field Theory.

4.2 Elko not a Quantum Field in the Sense of Weinberg

In this section we investigate whether the Elko field can be interpreted as a quantum field
in the sense of Weinberg. We explain how Eqn. (2.133) and Eqn. (2.134) given near the end
of Sec. (2.13), are used to give the Dirac rest spinors u(0,0) and v(0,0). We then show
that these equations are incompatible with Elko rest spinors. This section is a slightly more
expanded form of [47][48].

We assume, as in [32], that the finite-dimensional representation D,z(A) is the chiral rep-
resentation of the restricted Lorentz group DZE‘(A)[U7 p.41]. We have already given the
matrices D,z(A) for the case where A is a boost, being k(29 @ k(02), The rotation matrices
are €39 @ ei%'g, which may be directly inferred from [7, p.38]. The state space H and the
unitary representation U(A,a) of P? are not given explicitly in [32], so we need to specify
them. Under the assumption that U(A,a) is irreducible, H and U(A,a) must be of the
form given in Sec. (2.5) for some spin-j and some irreducible representation DC(—,Q(W(A,p))
of SO(3). The derivation below shows that j must be one half: this need not be assumed a
PrioTi.

Weinberg shows that the Dirac field is a Weinberg quantum field which is well defined
given the data (H, D(%)(W(A,p)),U(A,a),DCh(A)), where D%)(W(A,p)) is the standard
spin-1/2 representation of SO(3). Below we recall the relevant parts of his derivation; a slight
extension of the argument shows that the Elko field is not a Weinberg quantum field based
on the data (H, Do (W (A,p)),U(A,a), D"(A)) for any choice of Dso(A). This argument is
valid regardless of whether the particle is its own antiparticle. Before moving on, we pause
to clarify the notation. H stands for the Hilbert space of physical states. U(A,a) are the
strict Poincaré operators which act on kets in the state space. The result is that states
will have their ¢ values mixed up and momentum values changed in a way governed by the
matrices Dz, (A). In contrast, the D,7(A) are matrices that act on the spinors. A particular

representation which acts on the spinors is the chiral representation DZ%(A).

Let J be the generators of angular momentum corresponding to the representation DS,) (W(A,p))
of SO(3). Each of the three components of J is a (2j + 1) x (2j + 1) matrix. We relabel
the rest spinors u;(0,0) as u,+(0,0), where m takes the values + and ——, —+, +—, ++
correspond to ¢ = 1,2, 3,4 respectively. We similarly relabel v,(0,0) as v,,+(0,0). We now
define (25 + 1) x (2j + 1) matrices Uy, V4 by

(U)me = um=(0,0) and  (Vi)me = vm+(0,0). (4.1)
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4.2 Elko not a Quantum Field in the Sense of Weinberg

It follows from Eqn. (2.135) in Sec. (2.13) that the matrices Uy, V4 satisfy the equations

1 1
U+J = §O'U+, U_J = §O'U_ (42)
1 1
“ViJT = oV, —VoJT = oV (4.3)

see [42, p.220]. Here o = (01, 02, 03) where the o; are the Pauli matrices, which in the chiral

representation take the form

0 1 0 —: 1 0
o1 = ’ 02 = ) 03 = .
1 0 i 0 0 —1

By Schur’s lemma [77, p.31][78, p.21], we must have j = 1/2 and the J must be the same

(4.4)

as %0’ up to a similarity transformation; moreover, Uy and Vi are determined up to scalar
multiple. Suppose we choose J to be equal to %a; this amounts to choosing Dz, (W (A, p)) to
be DC%)(W(A, p)). It then follows that the Uy matrices must be proportional to the identity
and the V4 matrices must be proportional to o3, because if J = %o- then —J* = %02002, S0,

multiplying on the right by o9 and taking advantage of the relation o3 = I, yields
(Vj:O'Q)Cr = O'(V:tO'Q) (45)

which implies that Vo9 must be proportional to the identity, which in turn implies that Vi

must therefore be proportional to os.

We then get, explicitly:

- ( u1(0,1/2) w1 (0,—1/2) > _ ( e 0 ) (16)
u2(0,1/2) wu2(0,—1/2) 0 et
U — u3(0,1/2) wu3(0,—1/2) _ c— 0 (4.7)
u4(0,1/2) u4(0,—1/2) 0 c-
v, - v1(0,1/2) v1(0,—1/2) _ 0 —di (48)
02(0,1/2) v2(0,—1/2) dy 0
Vo ( v3(0,1/2) v3(0,—1/2) ) _ ( 0 —d_ (49)
'1)4(0,1/2) 1)4(0,—1/2) d_ 0
We then easily read off the form of the Dirac rest spinors to be
c+ 0
w (0, ;) - CO_ o (0, _71 - Co+ (4.10)
0 c—
0 —d
1 d -1 0
v <0, 2) = J . (0,2 - (4.11)
d_ 0
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4 Elko Fields and the Weinberg Formalism

A further analysis allows one to determine the value of the constants c4, d+. The extra

conditions

U(P,0)¢(x) ZD& ur(P) (4.12)
together with the demand from locality considerations that

{te(x), ()} =0 (4.13)

for spacelike separated x and y, fixes the constants uniquely. One finds that the resulting
rest spinors are then precisely the Dirac rest spinors [42, p.224]. Hence the Dirac field is the
only Weinberg quantum field based on the data (Hi,U(A,a),U(P),Dyz(A), Dyz(P)). The

Majorana field is also a quantum field in the sense of Weinberg.

If we want to obtain a different Weinberg quantum field, the only freedom we have is
to replace the representation D((}(%,)(W(A, p)) with another representation D%)(W(A,p))’ in
the same isomorphism class. The corresponding angular momentum J is not the same as
%0' but is related to it by a similarity transform. For good measure, let us also allow the
representation D,7(A) to be not the chiral representation D;?(A), but another representation
in the same isomorphism class. The corresponding angular momentum M is also related to

%0' by a similarity transform. Eqns. (4.2) become

Upd =MU,, U.J=MU_ (4.14)
V,J*=MV,, V.J"=MV._. (4.15)

It follows again from Schur’s Lemma that U, and U_ are proportional and that V. and V_
are proportional. Here, we take a general Elko field with four Elko rest spinors of the form
given by Eqn. (3.7) in Sec. (3.2.1):

—nbj —nb3
1 x 1 :
u <0, > e <0, > | (4.16)
2 a1 2 a
b1 b2
—ndj —nd;
1 x 1 :
v (0,) | "] . (0, ) | "2, (4.17)
2 o 2 e
dl d2
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4.2 Elko not a Quantum Field in the Sense of Weinberg

where the a’s, b’s, ¢’s and d’s are arbitrary numbers. The matrices Ui and Vi then become:

(e o) = G ) o
- (ed o) - ()
clid i) ) e
e nen) -G e

If we set U, = AU_ for some proportionality constant A, then by inspection, we see that we
would have to have

Aa; = —nb], and na] = Ab;. (4.22)

Rearranging both of these relations for a; gives
ay = —A"t(pbt) and a; = A*(nb}), (4.23)
from which it immediately follows that we require

—AT =4 (4.24)

to hold. To look at this more closely consider A to be a general complex number A = re?

where 7,0 € R. We immediately get
, -1 .
7'677‘0 = 76726 (425)
T
which implies that
r? =1, (4.26)

but r € R so there exists no solution. Elko fields are therefore not quantum fields in the sense
of Weinberg. This is one of the main results of this thesis.

The form of the spinors u(p, o) and v(p,o) in the Dirac field is completely determined
by Eqns. (2.135), (4.12) and the requirement of locality. We finish the section by recalling
briefly the rest of the argument, which involves the transformation properties under the full
Lorentz and Poincaré groups. The representation U(A,a) of P® on Hj can be extended to
give a representation of P: for instance, the operator U(P,0) is multiplication by a scalar
n = +1. We obtain a representation of P® on H. In order to pin down the constants cy and
dy in Eqns. (4.6), Weinberg assumes that the overall Hamiltonian density #(x) is parity-
invariant. Since the Dirac field ¢ (x) appears in the Hamiltonian density, its parity transform
U(P,0)y(z)U(P,0)~! also does. Locality requires that ¢ (x) and U(P,0)(z)U(P,0)~! com-
mute [42, Ch.5], and this — together with the requirement that ¢ (z) is local — determines

the values of c4+ and d+.
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4 Elko Fields and the Weinberg Formalism

Our work shows that the most direct attempt to interpret the Elko field as a field in the
sense of Weinberg fails. The only Weinberg quantum field based on the standard spin-1/2
representation of the full Poincaré group and the Dirac spinor representation of the full
Lorentz group is the Dirac field.

The Elko field must break the rotational symmetries because we cannot write

U(R,0)Ag(2)U( ZDM YAz (Rx) (4.27)

for any combination of U(R,0) and D,;(R™!). Two more questions arise from the observation
that the rotational symmetries are violated, which give a couple more avenues in which to
see if Elko fields can emerge in a rotational symmetry violating setting. This will be the issue

to be examined in the following section.

4.3 Subgroup of the Poincaré Group, and Elko

In this section we address two more ideas which might have given rise to the Elko field. The
first idea was that Elko fields might be confined to 2 + 1 dimensions, and thus, belong to a
subgroup of the Poincaré group containing two boosts and one rotation. It was suggested
(C.Y. Lee) that perhaps these 2+ 1-dimensional hyperplanes were free to move around in the
larger 34 1- dimensional spacetime. If we consider the symmetry group generated by the four
spacetime translations, K, K, and J., and we ask the question do the unitary representations
of this symmetry group on the space of physical states give rise to Elko fields? We can use
the method of induced representations to help tell us the answer [77, ch.9,10]. The states
can be labeled by the eigenvalues of the translation generators and also the eigenvalues of
the maximal set of commuting generators from the non-translation generators, that leave the
chosen characteristic four-momentum vector unchanged. The set of such generators generate
the little group. Here, the little group is SO(2), being generated solely by J,. The unitary
representations of SO(2) are one-dimensional, defined by a number aw = 0, £1, £2,---. These
states are labeled by a continuous momentum index and a single number for each SO(2)
representation, so for any particular representation there is no two-valued discrete index so
this approach cannot give rise to Elko.

The second suggestion was that maybe Elko fields are free to propagate freely in 1 4 3-
dimensional spacetime but they might simply break the rotational symmetry so that only

one rotational symmetry is respected, so that

U(Ry)A¢(z) ZD o e(Ry) (4.28)

would be required to hold but not

U(R)A(2)U(Ry) ™ = 3 D(R;Y) iy Ro) (4.29)
l
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4.3 Subgroup of the Poincaré Group, and Elko

or
URIA(@)U(R) ™ = 3 DR ghi(Roa). (4.30)
2
In this way, the two valued discrete index ¢ may be preserved and the formulas for the rest
spinors used in the previous section may be used here except instead of having o /2 on the
right hand side, we relax this condition so that this is replaced by just o2/2.
Dropping the n index and looking at the one-particle state space, we can again replace the

index ¢ with a pair of 2-valued indices m and 4+ such that

1

Zum(o, 5)[Jeloo = 5 02lmmtims(0, 0) (4.31)
=Y v (0,0) g, = 3 %[JQ]mmvmi(o, o). (4.32)

If 4,4 (0,0) and vy,+(0,0) are the m, o elements of matrices Uy and Vi then we have

1

UiJQ = 502Ui (4.33)
. 1
-VilJy = §U2Vi. (4.34)

Choosing Jo = %02 and noting that —o5 = o9 yields:

Ujoar = o2Uy (4.35)
U_0y = ool (4.36)
T ——a (4.37)
Voo = ooV (4.38)

or, upon multiplying on the right by oo and noting that o3 = 1:

Uy = o09Uyo09 (4.39)
U- =03U_o09 (4.40)
Vi =09Vioo (4.41)
V_ =o09V_o3. (4.42)
Explicitly, the matrices are
v, ( uy (0, 2> uy (0, 7> ) (4.43)
u2(0,5) u2(0, %)

o= [ 4.44
(U4(0, (4.44)

[N T
S— SN—
2 =
= w
— —
S O
vl v,
= —
S— S—
\/
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4 Elko Fields and the Weinberg Formalism

v (O,l) v1(0, )
V= "2 2 4.45
! <’02(0,§) v2(0, ) ) (449)
v (071) U3(07;1)
Vo= 2 27 ), 4.46
<v4(07%> v4<07‘21>> A0
Putting everything together, explicitly we have
0 —i ui(0,1) (0, 3) ) ( 0 —i ) _ e
<z’ 0 ) (uQ(o,;) us(0, ) i 0 (447
( —iug(0,1)  —iug(0,5) ) ( 0 —i ) _
i (0,3)  dup(0,3) i 0
( us(0, 54 —us(0,3) ) _ ( ui(0,3) ui(0,34) )
—u1(0,34)  wi(0,1) up(0,3) u2(0, ) )

The other three matrix equations are very similar in the obvious way. By equating each
matrix element on the left hand side of these matrix equations with the corresponding matrix

elements on the right hand side of these matrix equations we get

w (0, ;) — <0, _21> (4.48)
s (0, ;) S <0, _21> (4.49)
s <0, ;) _— <0, 21> (4.50)
s (0, ;) . (0, _21> (4.51)
” (0, ;) — (0, _21> (4.52)
v (0, ;) S (0, _21> (4.53)
v3 (0, ;) = vy (0, _21) (4.54)
v (0, ;) S (0, _21> . (4.55)

Setting

1 1
uq <O, 2) = ci, us | O, > = ci (4.56)

(03
1 1
us3 (0, 2) =c, w (0, 2> = (4.57)
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4.3 Subgroup of the Poincaré Group, and Elko

1 1
vy (0,2> =di, v (0, 2) =d% (4.58)

1 1
v3 (0, 2) =d', <o, 2) =d* (4.59)

yields

dL 2

d? -1 d*
., u<0,>: _;2 : (4.61)

cl
1 2 —1 !
u (0, ) S <0, ) _| (4.60)
2 ct 2 —2
2

If we identify (0, 3) with

e (4.62)
a
then it follows from Eqns. (4.60) that
-1 —nb*
0,— | = . 4.63
a(0.5)=| " (1.63)
a

,_71), we see that

u(0, ) is also an Elko spinor. The same reasoning establishes by inspection that v(0, 5) is

If we replace the a’s with b’s and b’s with —a’s in this expression for u(0

also an Elko spinor so the spinors in Equs. (4.60) and Eqns. (4.61) are compatible with Elko
rest spinors.

We now return to Eqn. (2.129) and Eqn. (2.130) which we reproduce here for convenience:

S ue(pa, o', n) DY ZDM 1/ ; «(p,o,n) (4.64)

0
va pA,U n) D(Jn) ZDM f) ve(p, o, n). (4.65)
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4 Elko Fields and the Weinberg Formalism

Consider boosts. Since we cannot boost in the y-direction, we will take p = (0,p,,0) and

let A be the standard boost that takes a spin-1/2 particle of mass m from four-momentum

(m, 0, py,0) to (po, Pz, Py, p2)- Then
W(A,p) = L™ (Ap)AL(p) = L™ (p)L(p) = 1. (4.66)

In this case, Eqn. (2.129) and Eqn. (2.130) becomes

\/721% ))ue((0,py,0),0) (4.67)
ve(p, [ZDze ))ve((0,py, 0), 0). (4.68)

A problem has emerged. Although the new relaxed conditions give Elko rest spinors, we do
not have a way of obtaining the boosted spinors. The best we can do, without additional
information, would be to apply a boost in the z and z directions and obtain the spinors
u((pz,0,pz),0) and v((ps, 0, p,), o). Furthermore, in [34] and [49], a boost in the y-direction
is allowed. We cannot derive a formula for the boosted spinors from the rest spinors. It

remains an open question whether the Elko field transforms correctly under this subgroup.

4.4 Locality

In the Standard Model, to every matter field operator 1,(x) acting on the Hilbert space of
physical states, there corresponds a unique field operator, the adjoint wz(:n), which is also
a matter field operator, with clear physical interpretation. In order for both matter field
operators to be causal, they have to anticommute (or commute in the case of bosons) with

themselves and each other at spacelike separated = and 2’ [42, p.198]:

{We(x), Yo (z')} = {9 (), ¥ (')} = {e(x), ¥} ()} = 0. (4.69)

It is clear from the Elko literature (see [34, p.6] for example) that the Elko fields anticommute
with themselves at spacelike separation but not clear as to whether they anticommute with
their adjoints at spacelike separation. In this section we examine the anticommutator of the
Elko field with its adjoint at spacelike separation.* Since we think of the Elko field operator
as an operator on Hilbert space that destroys Elko particles and create antiparticles, it follows
that its unique adjoint has the physical interpretation of creating Elko particles and destroying
Elko antiparticles. In this section we show that the Elko field in general does not anticommute
with its adjoint at spacelike separation, even along the axis of locality. This means that Elko
fields have an additional element of non-locality (in the sense of acausality) that needs to be

considered in any attempts to detect Elko particles.

*We are calculating whether Elko fields have an element of acausality. Since this has implications for where
in time an Elko event happened, relative to other events, we also view this calculation as having implications

for locality. It is in this sense that we speak of locality in this section.
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4.4 Locality

Here, we take a general Elko field with four Elko rest spinors of the form:

—nbj —nb3
1 x 1 :
u <0, ) e <0, > | (4.70)
2 o 2 a0
bl b2
—ndj —nd;
1 : 1 :
v <0, ) e <0, > _| = (4.71)
2 c1 2 Co
dq do

for general complex numbers a1, as, b1, ba, ¢1, ¢c2, di, do, and look at the anticommutator of
the field ¥y(z) at spacetime point x, with its adjoint 1/’}(?!) at a spacetime point y which is
at spacelike separation from the point x. The vanishing of this anticommutator is important
because it is necessary in order that the Cluster Decomposition Principle hold.

This section once again assumes Elko fields can somehow be obtained and that the rest
spinors are connected to the boosted spinors by the matrix \/pEOD(L(p)) as stated in [49]F.
This section therefore is not linked to the previous section. The previous section was exploring
a possible way of obtaining an Elko field where as in this section, we pose the question: what
choice of Elko rest spinors can yield causal Elko fields if we assume that we have an Elko
field with boosted spinors connected to the rest spinors by multiplying the rest spinors by the
matric \/pEOD(L(p)) ?

For convenience of presentation, we will temporarily use my = m+po+p,, m— = m+pg—p.,

P— = pg — ipy, and p4 = p, + ipy, so the boost matrix , /meD(L(p)) takes the form:

my  p— 0 0

1 m_ 0 0
- | P (4.72)
2po(m + po) 0 0 m- —p_
0 0 —py my
The boosted spinors u(p, o) and v(p, o) now take the form:
—nm4by + np_aj
1 1 —np+b] + nm_aj
’ (p, ) -1 [ Tt (4.73)
2 v/ 2po(m + po) m-_ay — p-by

—p4ai +myby

TThe cited paper does not have the factor , /% though.
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4 Elko Fields and the Weinberg Formalism

—nm. b + np_a;

-1 1 — b3 + —as
u (p, ) - | TR (4.74)
2 V/2po(m + po) m_as — p_by
—p4az +mqby
—nmydy +np-c
1 1 — di + -
(o L)oot | e .
2 v/ 2po(m 4 po) m_cy — p_dy
—pyc1 +mady
—nmydy + np-c;
-1 1 —npadt +m_cl
2 v/ 2po(m + po) m_cy — p_d
—p+C2 + mydy
The adjoint’s of these spinors are
u p7§ = m(—n m4b1+n'p_ay, =N pLo1+n m_ay, m_ay—p_0y, —pra;+my 1)
(4.77)
-1 1
ul (p, — | = ———(—n"mybatn"p" as, —n*plbatn*m_az, m_a5—p* b3, —p} as+m..bs)
2 2po(m + po)
(4.78)
1 1
vl (P 5 ) = ———(—0"mydi+n*p* 1, =Pl din m_ci, m_ci—p* di, —p’.ci+mydy)
2 2po(m + po)
(4.79)
-1 1
vf <p7 > = ————(-n"myda+n"pLey, —npidatnm_co,m_cs—p=d3, —plcstmd;).
2po(m + po)
(4.80)
We take our field to be
d3p ip-x —ip-x T
@Z)g(iﬂ) = W Z[e Ué(p, J)a(p> U) +e Uﬁ(pv U)b (p7 J)] (481)
g
The anticommutator of the field ¢y(z) with wg(y) with = — y spacelike, gives:
{we(@), ¥(y)} = del(@)} ) + D w)de(e) (4.82)
d3p d3pl ) )
B . —ip- T
= / 2n)? / Gy 27 (P, 0)alp,0) + ¢~ un(p, )b (b, )] (483)
0,0

e Vul(p!, o)al (p', o)+ Yol (P!, o )b(p!, o)+ e Yul(p', o' )al (p', o) +e Vol (D', 0 )b(D', o)
X [eip'mw(p, o)a(p,o) + e_ip"rvg(p, U)bT(p, o)}

3 3/ . .y
= / (;iﬂl))3 / (C;;;a Z{elp~xe—1p .yuf(pa U)U}(pla U,){a(p7 0-)? aT (p,’ UI)}+
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4.4 Locality

e Vo (p, )l (0, 0! )b (b, @), b(D, o)} + €77 Vuy(p, o)l (0, o' {a(p, o), b(p', o)}

+e " PTeT P Yy, (p, o )ul(p', o) (b (p, o), al (0, 0")}} =

43 d3p/ R : . :
/(2:;3/(2:)3 €77 Vuy(p, o)ul(p, ) 0% (p—P)dser+e P Yuy(p, 0)vl (D', 0")8° (P—P')dgor]

0—/

d3 ip-(x— —ip-(T—
= /(27_‘_1))32[71,5(1),0)11}([),0)6”)( v) +Ug(p,a)vg(p,a)e p(@=y)],

If we temporarily adopt the shorthand notation:

Af = —nmybi +p_ai, A7 = —npibf +nm_a} (4.84)
Bi+ =m_a; —p-b;, B; =—pia;+myb; (4.85)
Cif = —nmydi +np-c;, Cf = —npyd; +nqm_c (4.86)
Dj =m_c; —p-d;, D; = —pyc;+myd;, (4.87)
1
R — 4.88
2po(m + po) (4.88)
where ¢ = 1, 2, then we calculate the spin sums to be
1 t 1
u p,:|:§ u p,:|:§ = Ex (4.89)
AT (AT ATS(AT)" ATS(Bo)® ATL(Bro)*
ATo(Af)" Af(Ary)" Af(B,)* Ay(Br,)
be(AIL,Q)* BIQ(AI,Q)* BftQ(BIz)* B1,2(B1_,2)*
Byo(Af)" Bra(Ary)™ Bray(Bfy)' Biy(Bi,)
1 n 1
vl P, Zl:§ v P, Zl:a = FE'x (490)
ClH(C1a)* Ca(Cra)* Cia(DY,)" Ciy(Dry)*
Cra(Cy)" Cra(Cra)* Cra(Diy)* Cry(Diy)*
DY,(Cl,)* Diy(Cry)* Diy(DY,)* Diy(Di,)*
Dio(Cry)* Dia(Cra)* Diy(Dip)* Diy(Diy)*

We now turn our attention to the matrix elements [u (p, o) u' (p,)]11 and [v (p, o) vT (p, o)]11.

Writing these elements in terms of the original arbitrary numbers a1, ... etc, we have:
[u(p. o) ul (b, o)1 = E(AT (Af)" + AJ (43)") = (4.91)

En*™{(=myb] + p_ai)(—m4by + pZar) + (—m4 b + p_a3)(—mybs + pZag)} =

E(m? (bb1 + bsba) +p-p’ (ajar + ajaz) — mp (biar + bsaz) — myp-(aiby + azbs))
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4 Elko Fields and the Weinberg Formalism

and
[v (p,0) vl (p, o)1 = (4.92)
E(m?2 (djdy + dsda) + p_p*(cie1 + chea) — myp® (dfer + diea) — myp—(cidi + c3da)).

We now consider {¢(z), w;r(y)} which takes the form:

d3p . d3p .
T ip-(z—y) f —ip-(z—y)
/(27r)32po(m+po) (o) u (P o)lue +/ (27)32po(m + po) [v(p,0) v (P, o)l1e :
(4.93)
which, upon substituting in the spin sum expansions yields:
d3p - * * . * *
3 —MTPoTPz) Pz TPy )(0101T09G2 ) =M TPO TPz )Pz — 1Py )\ A1 0110202
) 2p0(m+p0)[ (m+po+pz) (Petipy) (bia1+byaz) — (m+po+p-)( )(a1bi+azbz)+
(4.94)
(m + Po +pz)(m + Po +pz)(bib1 + b;bg) + (p?B —{—pz)(a*{al + a§a2)]eip'($—y)_|_
d3p - * * . * *
3 —\MTPoTPz )Pz TPy ) A1C1TAC2 ) — (TN T PO TPz )Pz — 1Py )\ C1A1 T C2G2
) 2p0(m+p0)[ (m+po+pz)(Petipy) (dic1+daca) — (m+po+p2)( )(crdi+chdz)+

(m+ po + p=)(m + po + p=)(didy + dida) + (p3 + p))(cier + caea)le Y,

Before moving further, we here pause to look at how the Dirac field turns out to be local in
the sense of being causal. This will make a few issues clear as to what has to happen with
the above spin sums in order for the anti-commutator of the field with its adjoint to vanish

at spacelike separation. For the following, the Dirac rest spinors are taken to be [42, p.224]:*

1 0
1 110 —1 1|1
)= , — ) = 4.95
u<p2> V2| 1 u<p2> V211 0 (4.95)
0 1
0 1
1 1 1 —1 1 0
v(p, =) =— Covp,—) = — . 4.96
(p3)=7| o | (3) =] (199
~1 0

The anticommutator {1 (z), %' (y)} between the Dirac field and its adjoint with = and y at

spacelike separation is

d3 ip-(x— —in(x—
/(27.‘.)?}32]?0 [U(PaU)UT(p,U)ep( v) +’U(p,0’)’UJ[(p,0')e p-( y)] (497)

Explicit calculation reveals that

> u(p,o)ul(p, o) = (W> Yo (4.98)

2m
(o

tHere we drop the superscript “D” because the whole calculation only involves Dirac spinors so no confusion

should result.
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and

> w(p,o)vi(p, o) = <W_mj4> o (4.99)

2m
g

0 1 0 i
o= 2 ") and = * 7, (4.100)
1o 09 —o; 09

so the anticommutator becomes

where here,

dgp ip-(x— —ip-(z—
/W"WJKW})M +mly)eP @Y 4 (g p — mly)e P EV)]y, (4.101)

Next, we observe that
OHleP® = jple®® and OHe PP = —jple P (4.102)
so the anticommutator can now be re-written as

d? . ip-(2— . —ip(z—
/Wznpo[(—wu@“ + mly)e® @Y 4 (170" —mly)e P@=Y)] . (4.103)

We now take advantage of a result [42, sec.5.2] used by Weinberg, that the function

d’p ip-(z—y)

is an even function of x — y when x — y is spacelike. This allows us to pull out a common
factor of the exponentials and write the anticommutator as

d? . . ip-(o—
/Wznpo[—wua" +mly 4 ivy,0" — mlyle P(@=y)y (4.105)

which identically vanishes. The key observations which will be of direct use are:

1. The matrices formed from the v and v spin sums are both of the same form.

2. The matrix elements in the spin sums with no p’s in them were of opposite sign so that
they could cancel once the exponential factor was taken out.

3. The other matrix elements had the same signs. This, coupled with there being one “p” term
meant that when expressed as partial derivatives, there was a sign change in those matrix
elements belonging to the v spin sums which then enabled cancellation with the corresponding
matrix elements belonging to the u spin sums. The critical sign change happened because the
single derivative of the even function of x — y was an odd function so that when the “z — y”
was turned into a “y — z”, a minus sign appeared.

Returning now to our problem, by replacing p, with —id,, in Eqn. (4.94), we get:
[—(m —1i0p — i0.)(—i0, + i(—i0y))(bla1 + byaz) — (m — i0y — 10, )(—i0, — i(—i0y))x (4.106)

(alby + abby) 4 (m —idy — i,) (m — iy — 0., ) (bby + bibe) — (02 + 35)(@‘{@1 +a3a2)|H(x —y)+

[—(m — 10y — i0.)(—i0y + i(—idy))(dfcr + djca) — (m — iy — i0,)(—idy — i(—idy))x
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4 Elko Fields and the Weinberg Formalism

(cidy + chda) + (m — iy — i) (m — i0y — i0.)(did1 + dida) — (97 + 8;) (cier + csea) | H (y — @)
where H(xz — y) is an even function of x — y for spacelike intervals:

_ d’p
H(z=y) = / (2m)32po(m + po)

By inspection of the coefficients in Eqn. (4.106) we deduce that if {A(x), A}(y)} =0 then

e~ P (E=y), (4.107)

ajar + ajas = —cjc1 — c3co (4.108)

and
biby + b5by = —djdy — d5ds. (4.109)

The only solution to this however, is the trivial solution:
a1:a2:b1:b2201202:d1:d2:0. (4110)

so in general
{Ao(z), Al(y)} #0 (4.111)

for a spacelike interval (z —y)? < 0.

Elko fields thus have an element of acausality to them even along the axis of locality. This
makes it less clear how Elko particles and the Standard Model particles they interact with,
manifest themselves during Elko particle interactions.

As mentioned in Sec. (3.10.2), there can be elements of the S-matrix which are not man-
ifestly Lorentz covariant which can be made to disappear by adding an appropriate non-
covariant term to the Hamiltonian density so long as the original non-covariant term is local
in the sense we described. This applies to gauge theories too [42, sec. 5.9, sec. 8.1]. However
in the case of Elko this cannot be done because the required type of locality described in Sec.
(3.10.2) is not applicable to the Elko case.

We now turn our attention to a possibility for incorporating Elko fields in a quantum field
theoretic framework whose systematic study would take us well outside the intended scope
of this thesis. We include the following section because a new insight is added which further
strengthens the suspicions mentioned in [50, sec.5.2] that the search for Elko type fields should

be undertaken in a non-commutative spacetime setting.

4.5 Elko and Very Special Relativity

In [50] a spinor representation is given which transforms under the SIM(2) group together
with the group of spacetime translations 7y, and thus transforms under the Very Special
Relativity (VSR) group, instead of the whole Lorentz group. The rest spinors were Elko in
form but the boost operator was different, while still taking a momentum vector of momentum

(m,0,0,0) to a general momentum (po,p1,p2,p3). It is discussed in [50, sec.5.2] that the
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4.5 Elko and Very Special Relativity

locality structure of the VSR Elko quantum field dark matter candidate might imply that
the the underlying momentum space should be non-commutative instead of commutative.
In this section, we arrive at this conclusion in a different way, thus hopefully giving added
impetus and motivation for Elko to be studied in the context of non-commutative spacetime.

Here there is a well defined symmetry group. Moreover, this symmetry group has an abelian
subgroup (the group of spacetime translations 7;) so we can use the method of induced repre-
sentations (see [77, ch.9,10]) to tell us what the state space looks like on which this symmetry
group acts. This in turn, will tell us what kinds of quantum fields are allowed that respect
these symmetries, and we will be able to see if a quantum field is allowed that has coefficient
functions making spinors of the form given in [50]. We will keep all of the assumptions from
Weinberg about such things as the S-matrices and the cluster decomposition principle.

We begin here by giving the Lie algebra of the VSR group adjoined with spacetime trans-
lations. This group is generated by P°, P!, P2, P3, J,, K, together with two new generators
Ty = K; + Jy and Ty = K — J,. The Lie algebra satisfied by these generators is

[PH P =0 [T1,T5] =0, [T\,K.,=iTy, [Tb,K.]=iTy, [T1,J.]=—iT, (4.112)

[Ty, J.) =4I, [J.,K.]=0, [J.,P°l=0, [J.,,P|=iP% [J, P?=—iP!
[J.,P3] =0, [K., P'=—iP3 |[K., P]=0, [K.P]=0
[K.,P% =—ip®, [T,P°]|=—iP', [T},P']=—i(P°+P?) [Th,P’]=0 [T1,P?]=iP!
[Ty, P°) = —iP%, [Ty, P'| =0, [Ty, P?]=—i(P°+ P?%), [Ty, P% =iP>

The Lie algebra satisfied by the generators T4, Ts, J, and K is called sim(2). The group of
spacetime translations generated by P?, P!, P?, P3 is commonly called 7;. We will call the
group that corresponds to the total Lie algebra expressed above as G.

We can use the method of induced representations if there exists an abelian subgroup of
G. T; is an abelian subgroup of GG so we may proceed. We start by choosing a characteristic
vector. We will choose k#* = (M,0,0,0), and label a subset of the state kets by k#. These
states are eigenstates of the operator P? with eigenvalue M. We now turn to the factor group
G /T4 and search this group for generators that commute with PY and also commute amongst
themselves. The set of generators that commute with P? generates the little group associated
with the given choice of characteristic vector. By inspection of the Lie algebra we see that
J. is the only generator which commutes with P?. The angular momentum generator .J,
generates the group SO(2), which is the little group associated with the characteristic vector.
The state vectors are labeled by the eigenvalues of the generators of the abelian subgroup 74
and also the eigenvalues which label the representations of the little group, which in this case,
is SO(2). The irreducible representations of SO(2) are all one-dimensional and are labeled by
the eigenvalue o of J,, which can take on the values 0 = 0,+1,£2,---. Each vector will be

labeled by (M, o) where M and o take on fixed values for each irreducible representation of G.
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4 Elko Fields and the Weinberg Formalism

We take these labels as implicit and label the state vectors corresponding to the characteristic
vector by the three momentum part of £# which is 0 so we have |0). At this point we see that
there is no two-valued discrete index labeling the state kets so if we keep as many of Weinberg’s
assumptions and formalism as possible and only make the simplest departure by changing
the actual symmetry group which acts on the space of physical states then the VSR Elko
fields do not fit into this formalism.® The VSR Elko spinors in themselves are mathematically
well-defined. It seems natural to us to assume that the associated VSR Elko quantum field
must have a well-defined mathematical structure too. The above argument convinces us that
most likely, the quantum field would be compatible with spacetime symmetries where the
momentum generators are non-commutative. From discussions with Ahluwalia, P. Butler, B.
Martin, P. Renaud and N. Gresnigt we feel that the Stabilized Poincaré Heisenberg algebra
[79] is a natural first place to start looking, one reason being that it is intimately related
directly to the Clifford algebra C'?(1,3) which has a natural direct geometric interpretation
[61]. We will not pursue this avenue of investigation as it takes us well beyond the intended
scope of this thesis. We now move on to a systematic study of the Wigner classes, which
was initially motivated by the non-standard behavior of Elko spinors in the spin-1/2 spinor

representation space under discrete symmetry transformations.

$For completeness, the other eigenstates of the four-momentum operator P* are obtained by considering
the group elements of G that are in G/71 but are not in the little group. The representations of G can then

be written down, and the states can be normalized.
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5.1 Introduction

Wigner described the possible irreducible unitary representations of the strict Poincaré group
in 1939 [11]: they are the representations U(A,a) of PY on Hj given in Sec. (2.5). Later he
extended this work to give a classification of the irreducible unitary representations U(A, a)
of the full Poincaré group (including the discrete symmetries of space inversion P and time
reversal 7) [52]. There are four isomorphism classes: one so-called standard Wigner class
and three non-standard Wigner classes. The standard Wigner class is the representation of
P on H; discussed at the end of Sec. (2.5).

Our argument that the Elko field is not a Weinberg quantum field involves only Eqn. (2.135)
applied to elements of P? and £°: the discrete symmetries do not appear to play any part.
Nevertheless, to make further progress, we need to consider representations of the full Poincaré
and Lorentz groups. The explanation for this seeming paradox is as follows. We assume the
one-particle state space carries an irreducible unitary representation of IP. The restriction
of the representation to P° is isomorphic to a direct sum of irreducible representations of
PY. If the representation of P we started with is in the standard Wigner class, then this
restriction is irreducible: there is only one irreducible summand, namely H; endowed with
the representation U(A,a) of P?. This is the case considered in the previous chapter. If the
representation of P is in one of the non-standard Wigner classes then the restriction to PO is
the sum of two or more irreducible representations. These turn out to be isomorphic to each
other; one may choose basis kets of the form |p, o, 7), where p and o are as before and 7 is a
degeneracy index which distinguishes between the irreducible components. These cases are
new; for non-standard Wigner classes, there is an extra degree of freedom to explore.

In the next section, we extract explicit formulas from [52]. We then use these formulas to
search for massive spin-1/2 local quantum fields.

We show that there are no non-trivial massive local spin-1/2 quantum fields given the data
1
(#1500, UP.0).U(T. 0, DL (0.1). D). DEE(P). DT ).

where U(A,a) is one of the non-standard representions. We then search for more general
non-standard finite-dimensional representations of the discrete space and time inversion sym-
metries and then search again for non-trivial massive spin-1/2 quantum fields, this time,

exploiting the available freedom to choose an appropriate finite-dimensional representation
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5 Non-Standard Quantum Fields

of the space and time inversions as seen to be appropriate. We show that in two of the
three non-standard cases, there exist no non-trivial local massive spin-1/2 quantum fields
for any extension of the chiral representation. Finally, we show that for the remaining non-
standard Wigner class, there do exist non-standard representations of the full Lorentz group
(D%—l(A), Dyi(P), Dyz(T)) which give rise to a new massive spin-1/2 local quantum field. In
the final sections of this chapter, we make observations on the new quantum field. We also
give the mathematical conditions that would all have to be realised in nature in order for
the non-standard class to be able to be transformed to look like two copies of the standard
Wigner class. We did not find the Elko field among any of the non-standard Wigner classes,

a point on which we expand in Sec. (5.4).

5.2 The Non-Standard Hilbert Spaces

We here describe what the massive one-particle non-standard Hilbert spaces H i\IS look like
and then give the representation of the full Poincaré group on H i\IS‘ The form these spaces
take was determined by Wigner in [52]. In all three cases, the state space is spanned by
kets of the form |p, o, 7) where p and o have their usual definitions from H; as discussed in
Chapter 2, and 7 is a new, additional, two-valued discrete index 7 = 4+1. The inner product
is given by

<p’, o, 7|p,o, T> = 0%(p' — P)OgroOrir. (5.1)

The representations U (A, a) of the strict Poincaré group act on states as specified in Chapter

2, apart from the inclusion of the additional index 7:

[(Ap)0
U(A,a)|p,o,7) = (lgjo)e—l(f‘f’)“% > Dorg(W(A,p)) [Pa 0, 7). (5.2)

The index 7 is unaffected by the action of U(A,a) on the state kets. It is the space and
time inversion symmetries that mix up the 7 values. Before showing what the parity and
time reversal operators do in each of the three non-standard cases, we now choose to adopt
a convenient notation which is not so cumbersome to work with. Following Weinberg, we

define:
P=U(P,0), T=U(T,0). (5.3)

From a careful inspection of Table 3 in [52, p.72], we can read off from Table 3 that the

discrete symmetries P and T act on the kets as follows:

Case 1:
Plp,o) = nl|-p,o) (5.4)
A’pa0—> = U(‘l)j+a ’p7_0—> (55)
T|p,o) = (-1)/*7|-p,—0) (5.6)
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5.2 The Non-Standard Hilbert Spaces

Case 2:
P |p’0-7 T> = nT |_p707 T> (57)
A |p7 g, T> = U(_l)j+a ‘pv —0, _T> (58)
T |p7 g, T) = T(_l)jJrU ‘_pv —0, _T> (59)

Case 3:
P |p,0', T> = nT |_p707 T> (510)
A ’pa g, T> = nT(_l)jJrU ‘p7 —0, _T> (511)
T ’pa g, T> = (_1)j+g ‘_pa —0, _T> (512)

Case 4:
P |p707 T> = 77|_p707 T> (513)
A ’pa g, T> = nT(_l)jJra ‘pa —0, _T> (514)
T ’pa g, 7—> - T(_l)j+a ‘_pv —0, _T> . (515)

where A is the antiunitary operator PT, and 7 is the intrinsic parity of a particle which is
set equal to 1 in [52, p.63-64] but in general, if the state space contains more than one type
of particle, then the relative values of the intrinsic parities matter, so we include 7.

The multiparticle Hilbert space is spanned by the basis kets

|P1,01, 71,115 P2, 02, T2, M2; -+ ) = |P1, 01, T1,11) & |P2,02,T2,N2) @ - (5.16)

suitably symmetrised or antisymmetrised, and normalized so that the inner product is given
by

A A Y A R A . . _
<p17 01,T1,M1;,P9,09,Ty,No; " - |p17 02,T1,N1;P2,02,T2,N2; " " > — (517)
3 (] 3 (! .
6°(P1 — P1)0c 0y 0717, 61y 6° (P2 — P2)00oy 07y my Oty * + - & Permutations.

The operators U(A, a) of the strict Poincaré group have the following action on the multi-

particle state space:

(A]()))O . .e_i(Apl_;’_,..)l"a# % (518)
pl .

U(A,a)|p1,01, 71,0150 -) =
ZDC(,]/;;(W(A,M)) T ‘P1A,0’/17'1,n1; T > .
o
For Case 2 the parity and time reversal operators act on the multiparticle states as

Plpi,o1,m,n15 ) =0y -+ Tny -+ - |—P1, 01, 71,05+ ¢) (5.19)

T |p1701771an1; o > = Cnl Ty (_1)j1+01 e |_p17_017 —T1,M15 " > . (520)
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5 Non-Standard Quantum Fields

Here (y, - - - are the relative time reversal intrinsic parities that are retained here for the same
reasons as the space inversion intrinsic parities 7.

The parity and time reversal operators for Case 3 act on the multiparticle states as

P |p170-177—1)n1; te > — nnl te '7—77,1 te ‘_plvalvT].)nl; o > (521)

T‘p1)0-177—17n1;"'> Cnl ( )JIJFGI"'|_p17_o-1)_7-17n1;'”> (522)

and the parity and time reversal operators act on the Case 4 multiparticle states as
Ppi,o1,m,n150 ) =1y -+ [=P1, 01, 71,0050 ) (5.23)

T |p1,01,71,m15 ) = Gy =+ Ty -+ - (=100 | —py, —0y, —T1,np5 - ) (5.24)

The creation operators are defined in a way analogous to Eqn. (2.48):

|P1,01,T1,n1;P2,02,N2;...) = aT(Pl,01,7'1,711)GT(P2,02,7'2,”2) .. 10). (5.25)

The annihilation operators a(p, o, 7,n) are the adjoints of the creation operators a!(p, o, 7, n).
Now that we have presented what the non-standard state spaces look like, we turn our

attention to the task of constructing non-standard massive spin-1/2 quantum fields.

5.3 Constructing Non-Standard Massive Spin-1/2 Quantum Fields

Any non-standard quantum field, like the standard fields, can be grouped into two categories,
one in which the quantum field carries no conserved quantum numbers in which case bf = af
and one in which the quantum field carries one or more conserved quantum numbers in which
case the particle is distinct from its associated antiparticle with b" # af. In this chapter, we
will be concerned with both categories of fields.

We have seen in the Quantum Field Theory review in Chapter 2 that it is required that

The view we take here is that if the symmetry group of operators which act on the Hilbert
space of physical states includes space and time inversions, then, if we allow for projective

representations, we should also demand for some numbers A and B that

Pijy(x AZDM Dg(Pr) (5.27)
and

Tey( =B Z D (T (—=Px) (5.28)
with |A| = |B| = 1 in order for the free particle Hamiltonian to transform like a Lorentz

scalar under parity and time reversal transformations.
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5.3 Constructing Non-Standard Massive Spin-1/2 Quantum Fields

Before we impose these demands on each of the three non-standard Wigner classes, we here
list the rest spinors that are solutions of the constraints imposed by the connected part of
the Lorentz group. Because there is here an additional two-valued discrete index, if we allow
for the possibility of having distinct particle and antiparticle species, the general form of the

quantum field will look like
d3p ip-x —ip-x T
¢g($) = (27_‘_)37\/% Z [6 Ug(p,O',T)CL(p,O',’T) +e ’Ug(p,O',T)b (p,O’,’T) ) (529)

so there will be eight spinors instead of four like there is in the standard Wigner class. The
rest spinors can be constructed following the same argument in Sec. (4.2) leading to Eqns.

(4.10). Explicitly, these rest spinors are

ck Cll
1 0 0
wlo=1) = /2 Coufo 1) = /™
2 2 Cl_ 2 2 C:l
0 0
0 0
—1
u |0, _1,1 = n ¢ , ulO0, _1,—1 L ,
2 0 2 0
ct et
0 0
dl di!
v(O,,l) = 2 u<0,,—1>: m S
2 0 2 0
d- d-!
—d —d;!
-1 m 0 — m 0
(% 07 7]- = - s v 07 ,—]_ = —
2 2 —d' 2 2 —d1
0 0

The finite-dimensional boost operator D(L(p)) [7, p.-41-42] in the chiral representation, is,

explicitly:
D(L(p)) = (20 @ £©2) (5.30)
where
L(10) _ 1 ( m=+po+p:  Pr— Py ) (5.31)
2m(m +po) \ pz+ipy  m+po—p.
and

—(pe +ipy) m+po+p:
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5 Non-Standard Quantum Fields

By slightly modifying Eqns. (2.129) — (2.130) with the inclusion of the 7 index, the boosted

spinors are given by u(p,o,7) = D(L(p))u(0,0,7) and v(p,o,7) = D(L(p))v(0,0,7). Ex-

plicitly these are:

C}i-(m + Do +pz)
1 B 1 ct (pz + ipy)
ulp g 1) = —rr .
2(m+po) | cL(m+po—p2)
_Cl—(pm +ipy)

¢ (m+ po + pz)
u <p, 1 _1> _ 1 Cll(px + ipy)
2(m+po) | =" (m—+po—p:)
—c= (pa + ipy)

Cﬁr(px — ipy)
“G”%J>_ 1 el (m+po — p:)
2(m+po) | —cl(pe —ipy)
ct (m + po + p.)

it (ps — ipy)

" (p,—171> 1 ¢t (m+po — p:)
2(m+po) | —c_H(pe —ipy)

c_H(m + po + p2)

dL (pz — ipy)
( 1 ) 1 dt (m+ po — p-)
vlip,=,1 _ ) .
2(m + po) —dL (py — ipy)
dl— (m + Do + pz)
djrl(pw - ipy)
< 1 ) 1 i (m + po — p2)
v|p,=,—1 _— L )
2(m + po) —d_" (pz — ipy)
d=Y(m + po + p.)

_d}f— (m + Do + pz)

v <p, ;1, 1) - :di(px +ipy)
2(m+po) | —d-(m+po—p:)

d™ (pe + ipy)
—d7 " (m +po + p-)

v( -1 _1> 1 —d (ps + ipy)
2(m+po) | —d="(m+po —p.)

A= (ps + ipy)
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5.3 Constructing Non-Standard Massive Spin-1/2 Quantum Fields

By inspection, we see that

1
T 1) =
(] <p’ 27 >

(Clﬁ‘(m+po +p.) i (pe —ipy) *(m+po—p.) 01_*(pzipy)>
V2(m+po) T V2m+p)  2Am+p) T /2(m+ po)

1
f —.—1)=
u <p7 27 )

<c+1*(m Fpo4Dps) (P —ipy) ¥ (m 4 po—p.) —cF(pe — ipy>)

V2m+po) | V2m4po)  2m+po) T /2(m+ po)

-1
T 1) =
u <p7 2 b >

(ci*(pﬁipy) Y (m +po — pz) —c(ps +ipy) c1_*<m+po+pz>>

V2(m+po)  V2(m+po) T V2m+po) | V2(m+ po)

-1
f — . —1) =
U <p’ 2 9y )

<c;1*<px+z~py> Mmoo = p) —e (bt imy) c:1*<m+po+pz>)

V2m+po) T V2m+po) T 2m+po) Vv 2(m + po)

1
t Z1) =
U <p727 >

<d1+*<px+z'py> A (m + po — p.) —d (ps + ipy) d1*<m+p0+pz>>

\/2(m+po)’ V2(m + po) ’\/2(m+po)’ \/m

1
t ~. 1) =
v <p7 27 )

<d+l*(1)x+ipy) di " (m 4 po —ps) —d"" (ps + ipy) d_1*<m+po+pz>)

V2m+po) T V2m+po) T V2m+po) T /2(m+po)

—1
t — 1) =
v <p7 2 Y >

(di*(m +po+p.) —d¥*(py —ipy) —dY(m+po—p.) d¥(ps — ipy))

V2m+po) | 2m+po) T V2m4po) | /2(m+ po)

—1
t — 1) =
v <p7 2 ) >

<—d+1*(m +po+ps) —di(pe —ipy) —dZ(m+po—ps) A (ps — ipy)>

V2m+po) | 2m+po) T V2m4po) | 20m+ o)

In what follows we calculate the anticommutator {wa(m),w}(ﬁ)} for spacelike separated
spacetime points = and y. For any field 1, (z) to be local, this anticommutator must vanish.

Evaluating this will give us conditions for the ¢*! and d*}

iy iyl to satisfy. Explicitly, we have

{Ya(2), V5 ®)} = Ya(2)0} () + V(W) va(@) (5.41)
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5 Non-Standard Quantum Fields

which, upon inserting the mode expansions, becomes
/ Z w2y, (p, 0, T)a(p, 0, 7) + ¢~ P Tug(p, 0, 7)b (, 0, 7)] X
(27T 3\/2p
/ 4/7 Yol (p o T )al (', 0!, ) + e ol (0 o 7B o 7))
6 p ) ) 9 ﬁ ) 9 9 )

2m)3+/2pf g’
+/ ﬁZ “Pul(p!, o al (p, 0, 7 + € ol (P, o TP, o )]

27)3 2p}, g

P ip- —ip-

X /W;[ewiua(p,a, T)CL(p,O’, T) +e Zp:cva(vaaT)bT(paa-aT)]‘

Collecting terms so as to give anticommutators for the creation and annihilation operators

yields

d3pd3p/ i(p-z—p'y) N, S
// (27)54/2po\/2p), Z e ua(p, o, T)ug(p', 0, ) {a(p, 0, 7),al (P’ 07, 7)}

te PPy (p, o, T)v;(p o, )bt (p,o,7),b(p', o', 7'}
+e Ty (p, o, 7)ol (o' ) {a(p. o, 7), b(p, o' )}
e D (p, 0, 7Yl (B, ) B (B, 0, 7). (0, )]

Evaluating the anticommutators then gives*

d3pd3p’ : /
[(27) 53 500/6TT/e’(p'$_p 'y)ua ,O, T ul "ol T
//(%)6\/%\/% U;T (p—p) (p, 0, T)uj(p )

+(27T)3(53 (p— p’)éwx5TT/efi(p"”7p/'y)va (p, o, T)UL (p' o', )]

which, upon evaluating the d3p’ integral, becomes
“’p i (e-y) i iv () i
/(27r)32p0 [ep Dua(p, 0, 7)uf(p, 0,7) + e v, (p, 0, 7)0}(p, 0, 7-)] ,
o,T

so in order for this to vanish we need to know the spin sums. They are calculated to be

> u(p, o, Dul(p,o,1) = (5.42)

o

(oot ps) elp—ip)  mele 0
ct el (py +ipy) el (po — ps) 0 mcl ¢
meiel 0 cLel*(po—p.)  —clel(pe—ipy) |
0 metrel —cte*(py +ipy) L (po+p2)

> u(p, o, —1ul(p,o,—1) = (5.43)

(2

*The results are unchanged if b'(p, o, 7) = o' (p, o, 7).
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5.3 Constructing Non-Standard Massive Spin-1/2 Quantum Fields

e (po + p2) cjrl*c;l(p — ipy) mey et 0
c+1*c+ (Pe + ipy) C+ e "(po — p-) 0 mcllczl*
mei et 0 e (po —ps) Tl (pe —ipy)
0 me et — e (e +ipy) e (po + p2)

Zv(pvga 1)UT(p’a'7 1) = (544)

[

di*d\ (po+p.) d*d.(ps —ipy) md?, d* 0
dr*dl (py +ipy)  di*dY(po — p2) 0 mdl d'*
md}dL 0 dLd(po —p:)  —dd"(ps —ip,) |
0 mdi*d- —d-d¥(p, +ip,)  d d¥*(po + p.)
Zv(p707_1)UT(p707_1> = (545)
i d M po +pe)  didT (pe — ipy) md'd”" 0
A" (pe +ipy)  didT (po — 1) 0 mdtd_"
mdd”! 0 d”'d="(po —p.)  —dZ'd="(ps —ipy)
0 md =" —d7 Y (py +ipy) A Y (po + p2)

If we make the replacement p, — —i0,,, then the set of anticommutators for different combi-

nations of (a, 3) all take the general form
(stuff) Ay (x — y) + (stuff) Ay (y — x). (5.46)

If we look at the upper left quadrant of the spin sums, we see that the anticommutators for

those four cases take the general form:

(Z c’s) () A+ (x —y) + (Z d's) (3) Ay (y — ) (5.47)

where the symbols 07 and d» here stand for linear combinations of derivative operators. Also,
for each pair (o, ) we have 91 = 02 . Since Ay (y — x) is an even function of y — z, its

derivatives are odd functions of y — x so we get

(ch—Zd') (01) A4+ (z —y). (5.48)

The factors (01)A4(z—y) do not vanish in general, so for the anticommutators corresponding
to a =1,2 and 8 = 1,2 to vanish, we require that the factors (> ¢’s — " d’s) must vanish.
Similarly for the anticommutators corresponding to the bottom right quadrant of the spin
sums. For the anticommutators corresponding to the upper right and lower left quadrants,

we have, (remembering the evenness of the function A4 (y — x)):

(Z s+ Z d/s> mAL(z —y) (5.49)
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which only vanishes in general if the factor (D> ¢’s+ > d's) vanishes. Explicitly, we therefore

require that:

crel vt et = dirdl +dptdT! (5.50)
el ettt = dtat +dztd! (5.51)
crel et et = —dlrdl —ditazt (5.52)

For any non-standard local massive spin-1/2 quantum field, it is desired that these equa-
tions be satisfied in order for the quantum field to be local. The other anticommutator that
needs to vanish is between the field and itself at spacelike separation. We do this calculation
in Sec. (5.6). In the following section, we begin our search for non-trivial spin-1/2 quantum
fields.

5.3.1 Case 2 Quantum Field Search

In this section we start the search for non-trivial local massive non-standard spin-1/2 quantum
fields by looking at Case 2. The final ingredient needed to begin the search is to know how
the creation and annihilation operators transform under parity and time reversal. Creation
and annihilation operators are defined on the multiparticle state space. The space is spanned

by the kets
N
Q) |pi, 04, 7y i) - (5.53)
i=1

Looking at parity, following similar reasoning as that found in Sec. (2.9) leading up to Eqn.
(2.58) we write:
Pdl(p,o, )P~ = nra’(—p,0,7). (5.54)

Taking the adjoint of both sides and taking advantage of the fact that PT = P~! gives the

transformation rule for the annihilation operators under parity to be
Pa(p,0,7)P~" = n*ra(-p,0,7). (5.55)

We now calculate the parity transformed arbitrary spin-1/2 field operator Py (z)P~! where
the spinors have not been fixed yet. Taking advantage of the fact that P is a linear operator,
it can be freely moved through the exponential factors as well as the u and v coefficients so

that we get

Pyy(z)P™! = /(27T N Z [P %uy(p, o, 7)Pa(p, o, 7)P1 +
e " y(p, o, T)Pa (p,o, )P, (5.56)

which becomes

/ (271' 3\/@ Z 24 xU*TW an T) (_paaa 7-) + eiip-anve(paay T)(ZT(—p,(L 7—)] (557)
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5.3 Constructing Non-Standard Massive Spin-1/2 Quantum Fields

Changing the variable of integration from p to —p gives

d*p Do _iPp
/(%)3\/%2[617’”77 Tu(—p, 0, 7)a(p,0,7) + ¢ PP nrv(—p, 0, 7)al (p,o,7)]. (5.58)
o,T

In order for this to be equal to the right hand side of Eqn. (5.27), it is necessary and sufficient
that

n*ru(—p,o,7) = AD(P " YHu(p,o,7) (5.59)

and

nTv(=p,0,7) = AD(P~")u(p,0,7) (5.60)
for some A. To break this down a bit more, we observe that!
u(—p,o0,7) = D(L(—p))u(0,0,7) = BD(L(p))Pu(0,0,T) (5.61)

and

v(=p,0,7) = D(L(-p))v(0,0,7) = BD(L(p))Bv(0, 0, 7) (5.62)

where 3 = D(P~!) is the constant matrix

00 10
00 01
p= ; (5.63)
1 0 00
01 00
so we would like
n*1pu(0,0,7) = Au(0,0,T) (5.64)
and
nTPv(0,0,7) = Av(0,0,T) (5.65)

"We have written D(L(—p)) = BD(L(p))B rather than 3D(L(p))8~" because for the standard finite-

dimensional chiral representation, 5 = 87'.
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or, more explicitly,

(o4
nﬂu(
nBU< ; 1,1>

UBU<

nBv <

( ,

nﬁv< ;
nBv (

By writing these equations out in terms of the explicit spinors, a set of equations can be

N

1) -

1) -
1) -
1> -

—,1

)
) -

Au (0,1,1>
2
1
—AU <0,2,—1>
-1
Au (0,271>
—Au <0,_1,—1>
2
1
AU <0,2,1>
1
—Av(0,= 1
v (O, 5 )
-1
AU <0,2,1>

—Av (0, _—1, —1> .
2

(5.66)
(5.67)
(5.68)
(5.69)
(5.70)
(5.71)
(5.72)

(5.73)

obtained for the ¢ and d numbers which are present in the rest spinors. The matrix equations

are

o = O O

|
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0
0
0
1

—_

0
1
0
0

o O = O

)-

* 1
ncy

n*ck

* 1
ncy

1
—Ac

—Ac !

1
Acy

Act

(5.74)

(5.75)

(5.76)
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o = O O

nBv <0, 1, 1)

S = O O
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*Bu (0,

0
0
0
1

0
0
0
1

1
0
0
0

2
1
0
0
0

o O = O

o O = O

AdL

Adt

—Ad!

—Ad?

(5.77)

(5.78)

(5.79)

(5.80)

(5.81)

Before gathering up the above conditions on the ¢’s and d’s, the conditions on the ¢’s and d’s

from time reversal will now be identified. To see what the transformation laws for creation

and annihilation operators under time reversal are, we observe that for Case 2,

T |p,o,7) = 7(~1)2*7al (—p, =0, —7) |0)

(5.82)
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and also that?
T|p,0,7) = Tal(p,0,7)T"(0). (5.83)

Following the reasoning contained in Sec. (2.9) we see that the creation and annihilation

operator time reversal transformation laws are

Tal (p,o,7)T~ ! = 7(—1)2*al(—p, -5, —7) (5.84)
and

Ta(p,o,7) T ! = 7(—1)2"a(—p, -0, —7) (5.85)

respectively. Since the anti-unitary time reversal operator is anti-linear, the field operator

transforms as

d

3 .
Thy(a) T~ = / W,—me[ewuzxp,a, )Ta(p, o, 7)T"!

+eP 23 (p, o, 7)Ta’ (p, o, 7)T 1. (5.86)
which, after making the replacements p - —p, 0 — —o, and 7 — —7, becomes

/ d*p(—7)(~1)2
(27)3/2p0

—0
Z[e_ﬂ)p.zu*(ipv —0, 7T)a(p7 g, T) + el’Pp%E,U*(ipj —0, 7T)aT(pa g, 7—)}
o,T

(5.87)
In order for Eqn. (5.28) to hold, we require that
—7(~1)7"u*(~p, o, —7) = BTu(p, 0, 7) (5.88)
and
—T(—l)%_gv*(—p, —o0,—71) = BTv(p,0,T), (5.89)
where T' = D(7 1) is the constant matrix
0 -1 0
1 0 0
T (5.90)
0 0 -1
0 1 0

The u and v spinors on the left hand side can be re-written so that®
u*(=p, —0,—7) = D*(L(~p))u*(0, —0, 1) = 1:CD(L(p))C~ 1 y5u* (0, ~o, —7)  (5.91)
and

v*(=p, —0,—7) = D*(L(—p))v*(0, —0, —7) = 3:CD(L(p))C 'y50*(0, =0, —7).  (5.92)

tsince T |0) = |0).
$The matrix C appearing here is defined to be the matrix 23 in the chiral representation. The 4 x 4

matrix s is defined as iyoy1y273-
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Identifying T with v5C, we require that

—(—1)%_"Tu*(0, —0,—7) = —17Bu(0,0,7)

and

—(—1)%*"Tv*(0, —o0,—7) = —17Bv(0,0,T).

Explicitly, we have

~

IS

*
N
=
N | —
—

N
S

*
N
=
N =

\

=

Tu* [0, — .1
u<727

Tv* (0,

—_

N
<
*
7N
=
no
[a—
|
—
N - N N N N
Il

DN | =

~
<
*
7N
=
—_
—_

The explicit matrix equations are

1
Tu* (0,2,1) =
D

0 -1 0 0 clx
1 0
0 0 -1 cl
0 0 0
1
Tu* <O,2,—1> =
0 -1 0 0 e
1 0 0
0 0 -1 c
0 0 0

-1
Bu(0,—,—-1
(o)
Bu(O,_1,1>
2
1
—Bu(0,=-,-1
“(03)
1
Bu{0,-,1
+(03)
Bv(O,_l,—1>
2
-1
—Bv<0,,1>
2
1
—Bv(0,-,—1
(021)
1
Bv!0,-,1].
(03)

1
—Bc+

—Bel

(5.93)

(5.94)

(5.95)
(5.96)
(5.97)
(5.98)
(5.99)
(5.100)
(5.101)

(5.102)

(5.103)

(5.104)
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—1
Tu* (0,—,1) =
< (o)
0

0 -1 0
1 0
0 0 —1
0O 0 1 0
Tu* <O,_21,—1 =
0 -1 0
1 0 O
0 -1
0O 0 1 0

0 -1 0 O
1 0 0
0 —1
0 0
Tv* <O, _71, 1> =
0 -1 0 O
1 0
0 0 -1
0 0

0 -1 0 0
1 0
0 0 -1
0 0
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|
|
;
|
|

1%
_d+

_dl*

—1x
_d+

_d—l*

1%
_d+

_dl*

— 1%
_d+

_d—l*

—1
—Bc+

— B!

~Bd;!

—Bd~ !

Bdl

Bdt

Bd.,

Bd:

(5.105)

(5.106)

(5.107)

(5.108)

(5.109)

(5.110)
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The constraints on the ¢’s and d’s imposed by Eqn. (5.27) and Eqn. (5.28) can be read off

the above explicit matrix equations to be

n'el = Acl (5.111)
ncl = Act (5.112)
ezt = —Act! (5.113)
ney! = —Ac! (5.114)
ndt = Adl (5.115)
ndt = Ad- (5.116)
nd-! = —Ad* (5.117)
nd;! = —Ad”! (5.118)
and
c* = Bci! (5.119)
c* = B! (5.120)
™ = —-Bc} (5.121)
™ = —Bct (5.122)
d = Bd}! (5.123)
a* = Bd~! (5.124)
d;™* = -Bd\ (5.125)
d* = —Bd'. (5.126)

We now demonstrate that there exist no non-trivial solutions to the above set of equations.

Firstly, if we consider Eqn. (5.112) and Eqn. (5.113) we can take ratios and form the equation

1 1
c c
—+ = (5.127)
c —cy
Rearranging slightly and taking the complex conjugate of both sides yields
1% —1x
ceZ
= ———. (5.128)

Now if we take Eqn. (5.119) and Eqn. (5.120) and take ratios to combine the equations we

obtain . .
oy
—_ == 5.129
et ( )
Rearranging this yields
1 cjrlcl,*
= P (5.130)

121



5 Non-Standard Quantum Fields
Combining Eqn. (5.128) with Eqn. (5.130) yields

et = —ci et (5.131)
which only has the trivial solution

cd=c=cl=c'=0 (5.132)

Similarly, we can form the equations

= dizi* (5.133)
and d-Lat*
dr = ;:1‘ : (5.134)
and combine them to obtain
d-*d=' = —d;*d? (5.135)
for which the only solution is the trivial solution:
di =d' =d'=d=' =0. (5.136)

At this point we note that the n’s did not feature in this argument due to the taking of ratios.
If we had have explicitly considered the case of distinct particles and antiparticles where n,
and 7n; are not necessarily equal, the ratios would have removed these phases anyway and we
would still have arrived at just the trivial solution. Thus the only massive spin-1/2 quantum

field that transforms under parity and time reversal as in Case 2, is the trivial quantum field

Ye(z) = 0. (5.137)

5.3.2 Case 3 Quantum Field Search

In this case (for m > 0, j = 1/2), we have P |p,o0,7) = n7|—p,0,7) and also T |p,o,7) =
(—1)%““’ |—p, —0, —7). Demanding that Eqn. (5.27) and Eqn. (5.28) hold as with Case 2,
and proceeding exactly as in Case 2, the parity transformation law is identical to Case 2, so
yields the same set of conditions for the ¢’s and d’s that were obtained in Case 2. The time
reversal transformation law differs from Case 2 only by a factor of 7. The absence of a 7 in

Case 3 results in a few sign changes in the results obtained for Case 2. We now demand that
(~1)2~Tw*(0, —0, —7) = Bu(0,0,7) (5.138)

and

(~1)27°Tv*(0, —0, —7) = Bv(0,0,7), (5.139)
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which gives rise to the following set of equations:

1 1
T -,1) = -B —2, -1
u(o,Q,) u(o, 3 )
Tu (0, }, —1) = —Bu (0, 21,1>
1 1
Tul 0, —.,1 = B 0,-,—-1
a0 =2 1) = Bufoi1
u ’27 - u 72?
Tv 0,271 = —Bwv O,—lj—l
2 2
1 -1
Tv!0,-,—1 = —Bv|(0, —,1
-1 1
T —,1) = B - -1
v(0.501) = Bo(05-1)
1 1

This translates into the following set of matrix equations:

1
Tu* (0,2,1) =
< (o)

0 -1 0 0 clx 0
1 0 0 0 0 | |
0 0 0 —1 Al o |
0 0 1 0 0 clx

0 -1 0 0 e 0
—1x*
1 0 0 0 |« _
0 0 —1 e~ 0
0 0 1 0 0 e

0 -1 0 0 0 —clr

1 0 I VA
0 0 —1 o | | - |
0 1 0 b 0

-1
—BcJr

— Bt

(5.140)
(5.141)
(5.142)
(5.143)
(5.144)
(5.145)
(5.146)

(5.147)

(5.148)

(5.149)

(5.150)
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0 -1 0 0 0
1 CJ_rl*
0 —1 0
0 0 1 0 1

0 -1 0 0 0
1 0 di
0 0 0 —1 0
0 0 0 ar

0 -1 0 0 0
1 0 0 d;™
0 0 —1 0
0 0 1 0 d_1*

0 -1 0 —d*
1 0 0
0 0 —1 —d
0 1 0 0
-1
Tv* <0, 2,—1) =
0 -1 0 0 —d
1 0 0 0
0 0 —1 —d_"
0 1 0 0
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1%
_d+

_dl*

—1x%
_d+

_d—l*

1%
_d+

_dl*

— 1%
_d+

_d—l*

Bdl

Bd*

Bd.,

Bd:

(5.151)

(5.152)

(5.153)

(5.154)

(5.155)
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Reading off these matrix equations yields the equations which need to be satisfied, to be:

c* = —Bei' (5.156)
" = —Bc! (5.157)
' = —Bcl (5.158)
™ = —Bcb (5.159)
a* = —-Bd' (5.160)
d* = —Bd! (5.161)
d;™* = -Bd. (5.162)
d"* = —Bdt. (5.163)

Combining Eqn. (5.156) and Eqn. (5.157) gives

1% ,—1
c_¢C
k= ‘C_j : (5.164)

Since Case 2 and Case 3 have the same formula for how the parity operator acts on kets, we
can set Eqn. (5.164) equal to Eqn. (5.128) which leads to the same contradiction as pointed

out in Case 2 unless the trivial solution is chosen. Similarly, by inspection

(5.165)

which when compared with Eqn. (5.133) leads to the same contradiction for non-zero d’s so

we here only have the trivial solution

d=c=cl=cl=d =d =d;'=d'=0. (5.166)

5.3.3 Case 4 Quantum Field Search

In this case the parity and time reversal operators are defined by
P |p70-? T) = 77|_p70a 7—> (5167)

and
T|p,o,7) = 7(—1)2 7 |—p, —0, — 7). (5.168)

Here time reversal acts the same way as in Case 2, but parity is different so we will here set
up the relevant equations which follow from this, in direct analogy to how things have been
worked out in Cases 2 and 3. The equations are much the same as in the other two cases

except for a sign change in a few places. The demanded conditions are
n*Bu(0,0,7) = Au(0,0,7) (5.169)

and
nBv(0,0,7) = Av(0,0,7), (5.170)
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which translate to the following conditions:

nﬁu(

nBU<
nﬁu(
U*BU<

nﬁv( ,
npv (

-1
nﬂv< y 1

npv (

which, more explicitly reads as
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o O = O

o O = O

DO | =

) -
1> - Au<
2) - o
- - o)
<
<
<
<

1

-1

)
1) — v
)
)

el el
0 B 0 B
n*cl n*c}i_
0 0
77*6-7-1 n*c_l
0 B 0 B
7]*0_1 n*c+1
0 0
0 0
VMG I B
0 0
n*cl n*c}r

—1
Ac

Ac~t

1
Acy

Act

(5.171)
(5.172)
(5.173)
(5.174)
(5.175)
(5.176)
(5.177)

(5.178)

(5.179)

(5.180)

(5.181)
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S O O = N

o O = O
[an)}

—77d1

_nd#

(5.182)

—1
Acy

Act

(5.183)

Ad

Ad!

(5.184)

(5.185)

—Adl

—AdY

(5.186)
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Reading off these equations, we see that

nel = Acl (5.187)
ntet = Acl (5.188)
el = Aci! (5.189)
el = Ac! (5.190)
ndt = Ad} (5.191)
nd, = Ad- (5.192)
nd-t = Ad;' (5.193)
nd;t = Ad”'. (5.194)
Combining Eqn. (5.188) and Eqn. (5.189) and taking the complex conjugate gives
= % (5.195)
Ct

which does not contain a minus sign as is the case in Case 2. However if we observe Eqn.
(5.121) and Eqn. (5.119) we see that both of them together imply that cjrl = 0, which, in

turn, implies that ci_ = 0. Similarly, by looking at Eqn. (5.120) and Eqn. (5.122), we also
1

see that ¢_! = 0, and therefore we also have ¢! = 0. A similar thing can be done for the
d’s. Since there exists no non-trivial solution, we conclude that there also cannot exist a non-
trivial spin-1/2 quantum field for Case 4, given the chosen standard chiral representation for
D(P) and D(T). In the following sections, the hunt for quantum fields extends to include
more general D(P) and D(T). We will show that there are no massive spin-1,/2 non-standard

quantum fields belonging to Cases 2 and 4 but there is one for Case 3.

5.3.4 More General Non-Standard Representations of Parity and Time-Reversal

In this section we look for the most general forms that D(P) and D(7) can take, the idea
being that the extra freedom might allow for the existence of non-trivial non-standard massive
local spin-1/2 quantum fields. Previously we had chosen D(P) = . Now we look for a more
general D(P) such that

D(P)D(L(=p))D(P)"! = D(L(p))- (5.196)

In doing this, we are not doing anything illegal as we are simply choosing a different finite-
dimensional representation of the Lorentz group where the elements of the connected compo-
nent are the same as before and only the space and time inversion matrices are being selected

differently. It can be shown that

D(P) = . : (5.197)
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We multiply this matrix on the left of

m—+ po + p- px_ipy 0 0
Pz tipy M+ Dpo— D2 0 0
0 0 m—+po — Pz _<p:c _ipy)
0 0 —(pz +ipy) m+po+p.
to obtain
0 0 rie®(m+po —p.)  —r1e"(py — ipy)
0 0 —r2e®(py +ipy) 2 (m+po + p)
r3e(m+po +ps) 137 (pr — ipy) 0 0
ryet (pe + ipy) meié(m + po — p2) 0 0

Finally, we multiply on the right of this by D(P)~! which gives

m—+po—p: —(pz —ipy) 0 0
—(pz +ipy) m—+po+p: 0 0 _ D(L(—p)
0 0 m+po+p:  Pa— Py
0 0 Pz +1ipy  M~+po—p-
so long as
T2 ji(B—a) — M1 i(a—p) _ 3 i(y=8) — T4 i(6—) _ (5.198)
T 9 T4 r3

from which it follows that r1e"®) = rye®® and rge? = r4e. For ease of typing, we redefine
a~! =rze” and b=! = r1e'® so then the form of D(P), and hence D(P)~! that we settle on,

is

0 1 0
0O 0 0 bt?
D(P) = 5.199
() a0 0 0 ( )
0 a! 0
and
00 a O
000 a
D(P)~! = 5.200
(P) b 00 o ( )
0 b 00

respectively. We now start hunting for a more general set of choices for D(T). Firstly, we

look for a general 2 x 2 matrix © which satisfies ©©®~! = —o*. We here use
0 et
0= - , (5.201)
g2eu 0
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for arbitrary real numbers g1, go, € and ¢ Firstly, applying this to o1 gives

0 0 1 0 Le
e et (5.202)
goe™ 0 10 g%e’“ 0

which is calculated to be

0 A gile—0) 0 -1
‘ 92 - _ (5.203)
2 ity 0 -1 0
1

This last equality is from the above requirement that © must satisfy in order to be interpreted

as a time reversal operator. Performing similar calculations for ©o20~! and G030~ we get

0 gy [0 (5.204)
—i22eie) 0 i 0

and
-1 0 -1 0
= (5.205)
0 -1 0 -1
respectively. By inspection, in order for @©®~! = —g* to hold, we require that
I gile=t) = R =ity = 1, (5.206)
92 g9
It follows immediately that
gre' = —goe'. (5.207)

1 we settle with

0 —et
6= ( 1 0 ) . (5.208)

It turns out that when we look for a general set of possibilities for D(7") which satisfy

By labeling g€’ = —goe® = e~

TD*(L(~p))T" = D(L(p)). (5.209)

we arrive at the conclusion that the form of D(7) must be

el 1
o= (2 o2 1), -

for some arbitrary numbers e and f. For later convenience, we write these possible choices

for D(T) and D(T)~! as

(5.211)
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and
0 —e O
0 0 0
pmyt=| ° (5.212)
0 0 0 —f
0 0 f O

We are now in a position to look for non-standard massive spin-1/2 quantum fields, this time

by imposing the weaker demand that

Py(x =A Z D(P~Y) 17 (Px) (5.213)

and

Toe(z =B Z D(T 1) gtos(—Pu), (5.214)

retaining the freedom to make an approprlate choice of D(P) and D(T) such that, if possible,

a non-trivial quantum field can be obtained.

5.3.5 Cases 2 and 4 Reuvisited

In this section we show that there exist no non-trivial massive spin-1/2 quantum fields in
Cases 2 or 4, for any representation of D(P) and D(T). Looking at parity in the same way

as in the previous sections we arrive at the set of matrix equations:

n*ack Act n*ac_t —Act?
0 0 0 0
*p .1 - 1 ’ xp —1 - -1 (5215)
n*bcy Act n*bcy —Ac_
0 0 0 0
0 0 0 0
N I R e -
0 0o | 0 0
n*bel Act n*be ! —Ac!
0 0 0 0
o I T B e I s
0 o |’ 0 0
nbd’. Ad- nbd* —Ad~!
—nad® —Adl —nad=* Ady!
0 0 0 0
= | L= e (5.218)
—nbd; —Ad> —nbd, Ad_
0 0 0 0
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Similarly, the matrix equations for time reversal are

* -1
—ec}r Bey,
0 0
— felx B Bet
0 0
0 0
% -1
—eck’ _ | Bex
0 0
— felr BeZ!
0 0
* -1
—ed?’ _ Bdy
0 0
— fd* Bd~!
* -1
ed —Bd,
0 0
fdl* —Bd~" |
0 0

Reading off the conditions for the ¢’s and d’s gives the following sets of equations,

n*ack
n*bci
tac”!
U*bcll
nadl
nbd’.

nbd !

nad_*

132

—1x
ecy

0

fC:l*
0

—1x
€C+

fc—l*

—1x%
edy

fd:l*

Aci
Act
—AC_T_l
—Ac!
Adl,
Adt
—Ad;!
—Ad~!

(5.219)

(5.220)

(5.221)

(5.222)
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from parity considerations, and

ec* = —Bei! (5.231)
fe* = —Be! (5.232)
ec;'™™ = Bcl (5.233)
fco* = Bel (5.234)
edy = —Bd' (5.235)
fd¥* = —Bd! (5.236)
ed™ = Bd. (5.237)
fd"* = Bd' (5.238)

from time reversal considerations. By a quick inspection of these equations obtained from
time reversal considerations, it is quickly apparent that the extra freedom brought in by the
new phases fails to help. If we combine Eqn. (5.231) with Eqn. (5.233) and Eqn. (5.232) with
Eqn. (5.234) we see that

chelr = —ctel™ (5.239)

and
el = —cten (5.240)

Also, by Eqn. (5.235) and Eqn. (5.237)

dydy = —d;'d " (5.241)
and by Eqn. (5.236) and Eqn. (5.238)

d*dt = —d”ta=*. (5.242)

Time reversal acts the same way in Case 4 so the same result applies there too, so in both

cases only the trivial solution exists where
cd=c=cl=cl=d =d =d;' =d-' =0, (5.243)

which implies that
Ye(x) = 0. (5.244)

However, as we shall now see, there are non-trivial massive spin-1/2 quantum fields trans-

forming according to Case 3, in the one particle state space H FS.

5.3.6 Case 3 Reuvisited

The matrix equations for space inversion obtained in Case 3 are the same as in Case 2 and
produce Eqns. (5.223) — (5.230). The matrix equations for time reversal are similar to those

of Case 2 except for the fact that a few signs are different in just the right places to ensure
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the existence of non-trivial solutions. The conditions on the rest spinors which lead directly

to these matrix equations (compare with Eqn. (5.138) and Eqn. (5.139)), are the demands

that
(~1)# 7 D(T) "’ (0, ~0 ~7) = Bu(0,0,7)

and
(—=1)2=7D(T) """ (0, =0, —7) = Bv(0,0,7),

which, more explicitly, are written as:

These equations, explicitly, are

o o o O
|

[es} O@
- O o O

| o

~

<
—
/N
o o
Iz © +%

1% —1
—ecy BcJr

—felr Bet

o
|
© a
e ==
|
ol oo
(@) @)
o 'l ot]l
* *
;/ N _ ;/
I
——————— _ — ~__
< S
S o+ o
— =
* *
I
| |
W o W o
) )
= +

- o o o
|
~
o
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(5.246)

(5.247)

(5.248)
(5.249)
(5.250)
(5.251)
(5.252)
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0 —e 0 O 0 —ecjrl* Bc}F
e 0 0 0 C 0 | o
0 0 —f 0 —feot* Bel
0 0 f 0 c 0 0
0 — 0 0 —ed!? Bd!
0 0 i 0 B 0
0 0 —f 0 fd- Bd~!
0 f 0 dv* 0 0
0 — 0 0 —ed ™ Bd}
0 d;t 0 0
0 0 —f o | | —fa= | | B&
f 0 d- 0 0
0 —e 0 —dl* 0 0
0 0 | | —edt | | Bdi'
0 0 —f —av | 0 B 0
f 0 0 fdl* Bd~!
0 — 0 —d " 0 0
e 0 0 | —edi™ | | BdY
0 0 —f —a | 0 I )
0 f 0 0 —fd~* Bd-

Reading off these matrices, we see that, together with Eqns. (5.223) — (5.230), the following

needs to be satisfied:

—ect* = Bc! (5.255)
—fc* = B! (5.256)
—ec;™ = Bck (5.257)
—fo* = Bct (5.258)
—ed* = Bd' (5.259)
—fd* = Bd~! (5.260)
—ed;™* = BdlL (5.261)
—fd-* = Bd. (5.262)
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It can be checked by inspection that the following constitute solutions to Eqns. (5.223) —
(5.230) and Eqns. (5.255) — (5.262) if a = b, e = —f, n = *i:
=1, c==£1, =1, =71 (5.263)

=1, d- =71, d'=1, d'=+1. (5.264)

Furthermore, these solutions are also consistent with Eqns. (5.50) — (5.52). If the quantum
field also anticommutes with itself at spacelike separation, it will be local. This we show in
Sec. (5.6).

5.4 Elko and Non-Standardness

At this point, we finish the section by making the observation that [32, p.17] refers to [52]
and identifies the Elko spinors with the non-standard Wigner classes. In [32, p.18], the

observation is made that, regarding the finite-dimensional representations,

{D(P),D(T)} =0, (5.265)
as opposed to the standard Wigner class finite-dimensional result which says that

[D(P), D(T)] = 0. (5.266)

The solutions found in this section are consistent with this observation. The reason is that

in the standard case, the matrix D(7) has the form

Ay 0
2 (5.267)
02 Ao

where Ay is a constant 2 X 2 matrix. In the non-standard case here, the matrix D(7) has

Ay 0
2. (5.268)
0y —Ay

This minus sign, resulting from the condition e = — f, is what results in Eqn. (5.265) holding
rather than Eqn. (5.266).

In this chapter, our search for dark matter candidates and new possible quantum fields did

the form

not give rise to Elko fields. We can see this as follows. We have analyzed representations of
the full Poincaré group on the state space, where the two-valued discrete index has the natural
interpretation of labeling the eigenvalues of the spin-1/2 angular momentum generator .J,.
In Sec. (3.3.2) we discussed the main senses in which the Elko Field Theory is incomplete.
One of those senses was that the Elko two-valued discrete index was not well-defined on the
state space. Since the initial premise was that Elko should respect all of the symmetries of

the Poincaré group, it seemed most natural to examine Elko Field Theory under what we
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consider to be the very reasonable assumption that the two-valued discrete index naturally
arises from the representation of the Poincaré group on the state space. If we were to assume
a very different interpretation for the Elko two-valued discrete index on the state space, and
such Elko states were related to the usual states |p, o, 7), perhaps Elko fields could be derived
in some way. The most natural approach, interpreting the two-valued discrete index as o,
fails to give rise to Elko fields.

We might have been tempted to not bother looking for Elko fields among the non-standard
Wigner classes with this interpretation of the discrete index by simply observing that Elko
states have one two-valued discrete index whereas the non-standard states are labeled by
two two-valued discrete indices. We believed however, that it was worthwhile to search. One
reason once again comes down to incompleteness in Elko Field Theory. The Elko field was
originally written down based on an analysis of how the Elko spinors transformed in spinor
space. The transformation properties of the corresponding Elko field were not taken into
consideration, or worked out. Elko might have been compatible with having an extra two-
valued discrete index but still with only four visible spinors because the other four might
have been identically null spinors.

By inspection of the spinors in Eqns. (5.297) — (5.304) there is no solution that will give
spinors of the form given by Eqn. (3.7). We might consider using a representation other than
the chiral representation and seeing whether we can find a transformation from the chiral
representation to another equivalent representation that maps the rest spinors to spinors that
look like Elko rest spinors. However, if we did this, the form of the finite-dimensional boost
operator would be changed as well, so we would not get the Elko boosted spinors so we still
would not have Elko fields. At best, we would have our new quantum field dark matter
candidate in a disguised form, with associated spinors that looked like Elko rest spinors. We
might consider changing the representation of the little group on the state space. If we do
this we are forced to change the representation of the finite-dimensional Lorentz group in
such a way that Schur’s Lemma is satisfied, which results in the spinors looking like Dirac
spinors. See Sec. (4.2) for details.

Before examining the new quantum field, we pause to reflect on the issue of whether the
degenerate degree of freedom 7 may be realised in nature as its existence is clearly crucial as

to whether a new massive spin-1/2 non-standard quantum field could in principle exist.

5.5 Degeneracies, Internal Symmetries and the Theorem of Lee
and Wick

Before examining the new quantum field, we first would like to say a few things that relate to
the Lee and Wick theorem. In [33], Lee and Wick present a theorem which makes the case that
any local Quantum Field Theory that also satisfies the CPT theorem can be made to look
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5 Non-Standard Quantum Fields

like two independent copies of the standard Wigner class by enlarging the symmetry group
by including an appropriate symmetry operator. They assert that such a symmetry operator
can always be found. This amounts to using an appropriate internal symmetry operator S
to combine with P to form a new operator P’ = SP which behaves like a standard operator.

If such an internal symmetry corresponds to an actual internal symmetry in nature, then
there might be nothing new to be found in the non-standard Wigner classes, and the appear-
ance of there being a new spin-1/2 massive quantum field may be artificial. So far, there have
been no known observations of this two-fold degeneracy (which we have been representing by
the degeneracy index 7) in nature.

We take the view that the lack of known discoveries of particles with this two-fold de-
generacy is not proof of its non-existence, especially given the evidence which suggests that
an abundance of dark matter may exist. Weinberg supports the possibility of there existing
non-standard quantum fields [42, p.100-104].

We will finish this section by demonstrating the claims of the Lee and Wick theorem for
Case 3, namely that by inclusion of an appropriately defined internal symmetry operator, the
enlarged symmetry group acting on the state space makes the state space look like two distinct
copies of the standard Wigner class. By enlarging the symmetry group like this, we will be
moving from the one particles non-standard state space to a multiparticle non-standard state
space.

We start by defining the mutually linearly independent states

Ip,o,n), = %HP,U, 1,n) + |p,o,—1,n) + |p,o,1,7) + |p, o, —1,7n)] (5.269)
|p,o,n), = %[— Ip,o,1,n) +|p,o,—1,n) — |p,o,1,7) + |p, o, —1,7n)] (5.270)
Ip,o,n)y = %HP,G, 1,n) + |p,o,—1,n) — |p,o,1,n) — |p,o,—1,7)] (5.271)
P07}y = 51D, 1,n) — [p,0, L) — .0, 1,7) + [p,0, —1,71)] (5.272)

for the case where n # n. For convenience, we display the action of the Case 3 parity and

time reversal operators PNS and TNS on one state kets:
P¥p,o,7,n) =71, |-p,0,7,n), PN |p,0,7,71) = Ty |-p, 0,7, 7) (5.273)

T |p,0,7,n) = G (~1)7*" |-p, ~0, ~m,n), T |p,0,7.0) = G(~1)7* |-p, ~0, ~7,7) .
(5.274)
We will now enlarge the symmetry group by defining an internal symmetry operator CN°

such that
CNS |p507 T, TL> = Té-n |p,07 T, ﬁ’> ) CNS ’pvo-a T, ’Fl> = Té-ﬁ |p707 T, n) (5275)

for particle phase &, and antiparticle phase &;. To show that CNS is an internal symmetry

operator we must check that it commutes with the Hamiltonian. Recalling Eqn. (2.159) from
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5.5 Degeneracies, Internal Symmetries and the Theorem of Lee and Wick

[42, p.296-297], we see by obvious extension that the Hamiltonian must have the form:
H=Y" [ @pmal .07 m)a(p,0 7). (5.276)
o, T,n

Using the same logic that led to Eqn. (5.54) and Eqn. (5.55) we see that:

(5.277)

and

CNal(p, o, 7, 0)(CN®) ™ = gral (p, o, 7,n), CN%a(p,o,7,7)(CN) 7! = ea(p, o, 7,n).
(5.278)
Calculating CNSH(CNS)~! then yields

> / d*ppoCNal (p, 0, 7,n)(C°) "' CMBa(p, 0, 7,n) (C°) 7 (5.279)

o,T,n

— Z /d?’ppo&né?;aT(p,J, 7,7)a(p, 0, T,n).

o,7T,n
Since £, = 1 for each n, and since we are summing over the species index n, we can relabel

the species summation index 7 as n, we have
CNSH(CNY1=H — [CNS H]=0 (5.280)

as required for CNS to be an internal symmetry operator.
We will now combine this internal symmetry operator C™S with the parity operator PNS

and consider their combined action on the states |- --);. Defining
M =Mpén and g = 0péa (5.281)

then yields CNSPNS |p, o, n), to be

1

ﬁnn[n:ﬂ?ﬁ |_p7 g, 17 n> + 77;:,777’1 |_p’ g, _17 n> + |_p7 g, 17 ﬁ> + |_p7 g, _17 ﬁ)] =Tn ’_p) g, n>1
(5.282)

if n¥nn = 1. By similar explicit calculations we see that
CNSPNS|p, o, 7)), = |—p, 0, ), (5.283)
if niny, = 1. Operating on these same states |- - - ); with the time reversal operator TNS yields
NS |p, o, n)y = Cu(—1)277 |=p, —o,n), (5.284)

if (;Cn =1 and

™ |p,0,7); = Ga(~1)7*" |-p, ~0, 1), (5.285)
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if (#(n = 1. We now operate on the states |---); with the internal symmetry operator CNS

which yields

CN|p,o,n); = ~&u|p,o,71), (5.286)
it £8én =1 and
CNS|p,o,7), = —&a |p,o,n), (5.287)
it £2&, = 1. We now define
Cstd = CNS, Pstd = CNSPNS7 Tstd = TNS. (5.288)

Operating on the state |p, o, n); with the operator [Ctd PstdTstd]2 yields

CGmn€iba(—1)277(~1)27 |p,o,n), . (5.289)

We immediately see that (—1)%_"(—1)%“’ = —1 so that the expression simplifies to

—CaCannMiénéa lP, o, m)y - (5.290)

In order for C**9 to satisfy the hypothesis of the CPT theorem, we need (:Caninné&ién = 1.
These are the conditions that are needed in order for the states to transform like Dirac states,
and can be satisfied for a suitable choice of phases. Similarly, by explicit calculation, we find
that

(CH PR ) — — |p,0, ), (5.291)

so we have a copy of the standard Wigner class.

A similar analysis yields another copy of the standard Wigner class when looking at the
states |p,o,n), and |p,o0,7),. The above calculations demonstrate consistency with the Lee
and Wick theorem.

We could also consider the case where the particle is its own antiparticle. If we do this, we

can set
1
p,0)y = Zlp.ov 1) +[p,0, ~1)] (5.292)
P,0)y = —=[Ip, 1) — [p, 0, —1)] (5.293)
, O - = , 0, - , Oy, — . .
p 2 \/i p p

If we define the internal symmetry operator S (which takes the place of C5'¢ where we had
n = n) such that
Slp,o,7) =TIp,0,7), (5.294)

then we can get two copies of the standard Wigner class spanned by |p,o); and |p,o),

respectively, if we set
pstd =gpNs - pstd — NS (5.295)

and also have an operator C5'd such that

Cc*p,0,7) =¢|p, 0, 7). (5.296)
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5.6 The New Quantum Field

A straight forward check reveals that (CStdpstdstd)2 — 1,

We end this section by emphasising that although one can define the states |--- >172 in
the way we have done in this section, there is no reason why we must do this. It may be
that there are degenerate particles that possess no such internal symmetry corresponding to
CNS. Furthermore, there may be superselection rules in nature that forbid the states |- >172
from being physically realisable. We therefore proceed with examining the new quantum
field, under the assumption that either there exists no such internal symmetry in nature,
or else there exist superselection rules which rule out the states |- - >1’2 from being realised
in nature for degenerate spin-1/2 massive particles. At this point, we also point out that
even if we allowed the non-standard Wigner class to look like two copies of the standard
Wigner class, the quantum field would still be different from the standard one because the

finite-dimensional representation of the Lorentz group is different.

5.6 The New Quantum Field

Before applying the canonical formalism to this new quantum field, we here display the

explicit solution. The rest spinors are taken to be

I
N
L

J\
[—
~~_
Il
Sl
)
o = O

(5.297)
1
(ol 1) ! 0 (5.298)
U Y a0 = = .
2 V2 | -1
0
0
<0 -1 1> L (5.299)
u s s = — .
2 V2| o
1
0
-1 1 1
w(0,—,-1) = — 5.300
< 2 > V2|1 0 (5.500)
-1
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v <0, % 1) _ % ; (5.301)

<
7N
=
DO |

|

—
~_

Il
Sl
[\

_ O = O

(5.302)

—1

—1 1 0
0,— 1) =—— 5.303
U( 2 > V2| 1 ( )

0

—1

—1 1 0
0,—, —1)=—— . 5.304
U( 2 ) V2 | -1 ( )

0

Applying the boost operator , /meD(L(p)) to these spinors yields the spinors u(p, o, 7) and
v(p,0,T) to be

m+ DPo + Dz
1 1 +1
(o) - i s
2(m+po) | m+po—p-
—(pz + ipy)

m+ po + Pz
1 1 +1
u (p, = —1) = V= Pty (5.306)
2 2(m+po) | —(m+po—p-)
px"‘ipy

Pz — ipy

1 1 +po —
u (p, 1) - | TR (5.307)
2(m+po) | —(pe —ipy)

m—+ po + Pz
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Pa — 1Py
u<p7—171>: 1 m+po — Pz
2(m + po) Pz — ipy
—(m +po +p-)

Pz — 1Py
U(p’11>: 1 m+po — Pz
2(m + po) Pz — iy
—(m +po + p2)

Dz — iy
v(p,l _1>_ 1 m+po — Pz
2(m+po) | —(pz —ipy)
m+po + Pz

—(m +po + p2)
; <p7 -1 1) _ 1 —(pz +ipy)
2(m + po) m+po — p-
—(pz + ipy)

—(m+po +p-)

—1 1 —(pe + ipy)
v p,T,—l = —
2(m + po) —(m +po — pz)

Pz + Dy

With these spinors, the new quantum field simply looks like¥

3 . .
Ye(z) = /(275133% ;[e’p'zw(p, o,7)a(p,o,7) + e PTu(p, o, T)bT(p,o, 7)].

This quantum field does not satisfy the Dirac equation. The Dirac equation is

(79, — m)¥" () = 0.

Taking the spacetime derivatives of the Dirac field

/ d3p ipx —ipx f
W ; [e u(p,o)a(p,o) +e v(p,o)b'(p, o)

TStrictly speaking, the factor

1
V2po

(5.308)

(5.309)

(5.310)

(5.311)

(5.312)

(5.313)

(5.314)

(5.315)

finds its origin from both the normalization of the rest spinors and

from the chiral representation for the boost operator. This factor has been separated out and the remaining

bits called “the spinors” to be in keeping with the convention of displaying explicitly the Lorentz invariance

of the measure of integration.
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5 Non-Standard Quantum Fields

yields the left hand side of Eqn. (5.314) to be:

/ (%;ljf;% ; = (27D = m)uP (b, 0)e" a(p, @) + (1, + m)e” (B, o)™ " b!(p, )|
(5.316)
Since
('pu — m)uD(p, 0)=0 and (¥'p,+ m)vD(p, o)=0 (5.317)

it follows that the Dirac field ¢ (x) satisfies the Dirac equation. However, this new quantum

field ¢ () has spinors that relate to the Dirac spinors (see [42, p.224]). By inspection of the

u <p7 % 1) =u” (p, ;) (5.318)

u (p, % —1> = P <p, _21> (5.319)
u (p, _71 1> =P <p, _21> (5.320)
u <p, _71 —1) =P (p, ;) (5.321)
v <p, % 1) =P (p, ;) (5.322)

v <p, % —1> =P <p, _21) (5.323)
v <p, _71 1) =P <p, _21> (5.324)
v <p, _71 —1) = —uP (p, ;) . (5.325)

Comparing these equations immediately above to Eqn. (5.317) reveals that

rest spinors we see that

(v'pu —m)u(p,0,1) =0 and (v*p, +m)v(p,0,1) =0 (5.326)
but the problem is that

(Ypp — m)u(p,o,—1) #0 and (v*p, +m)v(p,o,—1) #0 (5.327)

so Yy(x) does not vanish from the application of the Dirac operator (iv*d, —m).

Before moving on, we wish to clarify something about the non-standard spinors. In the case
of the Dirac field, the sets of coefficient functions us(p, o) and vs(p, o) form spinors u(p, o)
and v(p, o) for fixed p which are four-component spinors spanning a four-dimensional space.
That is to say, the Dirac spinors are all linearly independent. When it comes to the spinors
u(p, o, 7) and v(p, o, 7) formed from the coefficient functions uy(p, o, 7) and v(p, o, 7) in the
non-standard quantum field, there are eight of them. The associated spinor space is still only

four-dimensional, so these spinors are linearly dependent. This might be of concern to us
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5.6 The New Quantum Field

if the spinors represented the physical states. The view we take is that it is the state kets
|p, o, 7) that span the space of physical states. For each subspace of fixed four-momentum,
the states |p, o, 7) span an eight-dimensional space, and the states, by definition, are linearly
independent. The state kets of differing four-momentum are also linearly independent of one
another. If we form states by adding basis kets of the form |p, o, 7) together, the uniqueness of
the physical states does not depend on whether each coefficient is different from one another.
We take the view that the coefficient functions u(p,o,7) and ve(p,o,7) are merely the
coefficients and whether sets of coefficient functions form sets of linearly independent spinors
spanning a spinor space does not strike us as being important in the context of Quantum
Field Theory in Hilbert space.

In order to be able to use the canonical formalism, it is a fundamental requirement [42]
that for a field g(x,t), there be a canonically conjugate field p(y,t) such that the following

equations hold:/

{a(x,1),p(y, 1)} = i°(x — y) (5.328)
{a(x,1),q(y,t)} =0 (5.329)
{p(x,1),p(y,t)} = 0. (5.330)

If we take ¢ = 9 and p = %@Z)T, Eqn. (5.328) is satisfied (see the calculation following Eqn.
(5.41)). Checking Eqn. (5.329):**

{4a(x,1),48(y, 1)} = va (%, 1) 9p(y, 1) + Ya(y, ) Ya(x, 1) = (5.331)
d3pd3 /
//(2%6 2P0 \/%;;X(

[ uq(p,0,7) a(p, o, 7 P (p, 0, 7)1 b1 (P, 0, 7)] %

)+
[ Yug(p', o, 7)a(p', o', 7) + e Yug(p', 0!, )b (!, o, 7))+
[ Vug(p', 0", 7)a(p', 0", 7) + e V(' o T (P, 0, 7))
)+ “va(P, 0, T)TbT(p,O',T)D.
Multiplying out and collecting terms to form anti-commutators with the creation and anni-

d3 d3 /
//(%)G;%I)mzzx(

o,7 o', 17’

ipa:

e “ua(p,o,7) a(p, o, 7

hilation operators yields

e g (p, 0, 1) vs(p', 0, 7){alp, 0, 7), b (B, 0, 7))+
e_i(p.m_p/.y)va(p’ U? T)Tuﬁ(p/7 U/’ T/){bT (p7 0-7 T)7 a(p/’ OJ? T,)}+

P Yy, (p, o, 7) T ug(p', o', 7)) {a(p, 0, 7), a(p o', 7') }+

IThis is for fermions. If ¢ corresponded to a bosonic field, the anticommutators would be replaced by

commutators.
**The superscript “T” here stands for transpose.
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e W Wy (p, o, 1) vs(p o, 7 (bl (p, o, 7), b (D, 0, T’)}) :
The anticommutators ensure that the expression vanishes. In the case where b(p,o,7) =

a'(p,o,7), evaluating the anti-commutators and then performing the d3p’ integration like

was done just previously yields

d3 . .
[ Gt Sl (0,0, () P 0 (. ) s )L (5332
i 0 o, T

The spinor relations vanish:

Z u(p, o, T)Tv(p, 0,T) = Z v(p, o, T)Tu(p, o,7) =0, (5.333)

o,T o, T

so the anti-commutator is zero, thus verifying that Eqn. (5.329) holds. Since p = %¢T, it

follows immediately that

{Pa(x,1),ps(y, 1)} = %[W(y, £t (x,t) +va(x, )95y, )] = 0. (5.334)

We now calculate the propagator, the vacuum expectation value of the time ordered product

of the field with its adjoint times =g, denoted by

(O T{¥pa () (" (2)70)5} 10) - (5.335)

By the definition of fermionic time ordering this is

(0] va(y)s(2) [0) 0(y° — 2°) — (0] s (2)va(y) [0) O(z” — y°). (5.336)

The first term becomes

0.0 dpd’p’
0(y° — @ MO'//(%)WE@;;;,X( (5.337)

[6—2'[)/~3t7174/8(p/7 O'/, T/)CLT(p/, O'/, 7_/) + eip/mqjﬂ(p/’ O',,T,)b(p/, O',,T,)]) ’O> )

The only term which does not get annihilated by either the vacuum bra or the vacuum ket is

d3pd3p/
0 X 5.338
H // (2m)6+/2EV2FE' ;; ( )
[PV Dy (p, o, 7)us(p, o', )alp, o, T)al (B, 0!, 7)0(y° — 2°)][0) . (5.339)

Noting that
(0la(p, o, 7)a’(p,a,7)[0) = (0| al (p’, 0", 7 )a(p, 0, 7) + (27)35° (P — /)60 07 [0)  (5.340)

and keeping the surviving second term on the right hand side and evaluating the p’ integral
gives

e o )
/(271')31)2]70 [ezp (y )Ua(p7 o, T)’LLB(p’0-7 T)H(yo _ .’EO)] (5341)
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Turning now to the second term of the vacuum expectation value of the time ordered product,

d3pd3p/
6(z° — ) (0 // NI ; 3 x( (5.342)

ol 1!

we have

[e—ip/.zﬂﬂ(p/’O_I’T/)a’f(p/’o_/77_/) + eip/'xf}g(p,,U/,T/)b(p,,O'/,T/)]X
"V 1a(p,0,7)a(p,0,7) + Py, T (B, 7)) ).

The only term which survives both the vacuum bra and vacuum ket is

d3pd3p/
off G VAEAE 2= 2= (5.343)

a,T O”,T’

e VP )y (p, o, 7)Ts(p', 0, T)O(P!, 0, 7B (B, 0, T)O(2® — y°)] |0) . (5.344)
By using the anti-commutator of the creation operator with the annihilation operator again,

and evaluating the p’ integral, we get (also when b'(p, o, 7) = af(p, 0, 7))

d3 —ip-(y—x _
/ (271_)% [6 P (y )/Ua(p, g, T)’Uﬁ(p’ o, 7—)9(1.0 o yO)] (5345)

Recombining both terms again, we get
dp
/ (27)32E ; . (
eip-(y—cc)ua (p7 g, T)aﬁ (p7 g, T)e(y() - xO) - e—ip-(y—x),va (pa g, T)Q_}ﬁ(pv g, T)e(xo - yo)) .

Evaluating the spin sums simplifies this so that we get

d? (1 o
/(277)I??E <e p-(y—=) (VP apb(y° — 2°) — e (y—2) (Y ) (2° — yo)). (5.346)

To make further progress we take advantage of the integral representations of the 6 functions
given by [59, p.365]:

dw eiw(yofx())
O(y° — 2% = i _— 5.347
(v =) eg(])ﬂ+ 2, w — 1€ ( )
and @)
d w(x”—y
0(z° — %) = lim [ =% —~ (5.348)

e—0t Tm w — 1€
Substituting these in and dropping the writing of the limit, assuming it to be understood,

gives

of ) (5.349)

dspdw ei(E+w)(y0_xO)€_ip'(y_x) (’Yup‘u)aﬁ e_i(E""w)(yo_xD)eip'(y_x) (fyup:u')
/ < w — 1€ B w — i€

i(2m)*E
Now, letting p9 = E + w so that w = pyg — E and substituting this in to the expression
immediately above gives

/ d'p (6”"(9‘“ (Vup*)ap e P (wp“)aﬁ>

5.350
271')4])0 po—E—iE po—E—iE ( )
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In order to have a common exponential in both terms, we make the substitution p — —p in

the second term and pull out the now common exponential to get

d'p gy ( (uP") (Vup")
ip(y—2) pP”)ap plZ JaB 5.351
/z‘(27r)4Ee <p0—E—¢e+—p0—E—z'e>' (5.351)

Combining the two terms yields

dp . —po— E —ie+py— E —ie
_2 P ip(y—2) " 0 0 5
/ et P )“’8<(p0 —E—i€e)(—po — E —ie) ) (5.352)

The part in the brackets expands out to give

—2F — 2i¢
—p2 — poE — poie + Epy + E? + Eie + iepy + ieE — €2’

(5.353)

By noting that |E| >> |e|, the second term in the numerator may be ignored. By noting also

that |2Fie| =~ |ie| and also that €2 ~ 0, the above fraction becomes

—2F
_. 5.354
—pi + E? + ie (5.354)
Finally, replacing E? with m? + p? in the denominator yields the propagator to be
4
—Z/ d p eip'(y_il?) 2(7,“‘1?#)045 ) (5355)
(2m)4 p? —m? —ie

This is like the Dirac propagator from spin-1/2 massive quantum fields arising from the stan-
dard state space except here there is no mass term in the numerator, making a fundamental
distinction between standard and non-standard massive spin-1/2 quantum fields. The Dirac
propagator is proportional to a Green’s function for the Dirac equation [59, p.185]. A similar
thing is not the case here however. The numerator of this non-standard propagator does not
annihilate the non-standard field operator.
To describe the dynamics of the field we inspect Eqns. (5.318) — (5.326) from which it
follows that
(iv'0u — m7)Y(x) = 0. (5.356)

The associated Lagrangian that gives rise to the above dynamical equations of motion, Eqn.
(5.356), via a variational principle following steps along the lines described in the first half
of Sec. (3.5.1) (see also [69, Sec.3.2]) is

L= (iv“?u _ mT) . (5.357)

The form of the Lagrangian should not be surprising, given that we have seen that mathe-
matically, it is possible to transform the non-standard Wigner class to look like two copies of
the standard Wigner class.

A simple check reveals that the canonically conjugate field momentum is

gg _ %’w (5.358)
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which is consistent with our observations earlier in the section. Following the procedure

described in [7, p.140-142] yields the Hamiltonian to be

H(z) = / Pt (2)i' 0w (@) (5.359)

which has the same form as the Dirac Hamiltonian [7, p.142].

5.7 Darkness and the New Quantum Field

In this section we discuss the conditions under which this new quantum field is a dark matter
candidate. For convenience, we display the Lagrangian density explicitly with the adjoint
operator i (z):
— ot A
L=y iy 0 —mr)y (5.360)

where the adjoint field operator ¢ (z) is

d3p ipx —ipx
/WZ[M vl (p, o, 7)a(p,0,7) + e P%ul(p, o, 7)al (p,o,7)| . (5.361)

The darkness of this quantum field comes about when there are no conserved quantum
numbers so we have here set b (p,o,7) = af(p, 0, 7). Making this identification prevents any
kind of SU(N)-type gauge interaction from being possible, as we will explain further shortly.

By inspection of the spinors we see that
v(p,0,1)" = Eu(p,o,1) and wu(p,o,1)* = Ev(p,o,1) (5.362)

where E is the constant matrix

&
Il

(5.363)

o = O O
o O = O

For the 7 = —1 spinors we have
v(p,0,~1)" = y50(p,0,1)" = 15 Eu(p,0,1) = v Ev5u(p, 0, —1) = —Eu(p,0,—1)  (5.364)
and
u(p, 0, —1)" = ysu(p,0,1)" = 1Ev(p,0,1) = 5 E5v(p, 0, —1) = —Ev(p,0,—1)  (5.365)
where we have used {FE, 75} = 0 and 72 = 1. We thus have
v(p,o,7)" = TEu(p,o,7) and u(p,o,7)" =71Ev(p,0,T). (5.366)
Substitution into Eqn. (5.361) yields

Pi(z) =7 (2)7E (5.367)
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where we have used the fact that £ = E7. Substitution into Eqn. (5.360) yields
=
L =T Eror (M 9, - mT) . (5.368)

The Lagrangian is not invariant under U(1) gauge transformations since for ¢’ = €', we
have

()9 = TN Xy = T ety oL Ty, (5.369)
The new Majorana-type quantum field is therefore dark with respect to the Standard Model
gauge quanta of Quantum Chromodynamics and the Electroweak Theory which demand
invariance of the Lagrangians under SU(3) and SU(2)r, x U(1), respectively. The darkness
here is due to the Majorana condition b(p, o, 7) = a(p, o, 7) rather than the non-standardness
of the quantum field.

By writing the field operator with both an a(p, o, 7) and an af(p, o, 7) operator, we have
automatically made the new quantum field a Majorana quantum field, which then automat-
ically becomes a dark matter candidate. We have assumed that the associated particle is its
own antiparticle, that is, the particle has no conserved quantum numbers. An operator C' is
defined by

Clp,o,7) =¢|p,o,T) (5.370)

with the creation and annihilation operators transforming under C' as
Cal(p,o,7)C" = Eal(p, 0, 7) (5.371)

and
Ca(p,0,7)C~" = Ea(p,0,7) (5.372)

respectively. An explicit calculation, the steps of which should now be familiar, gives
C(z)C™ = £4f(x) (5.373)

so long as & = &* = £1. If this operator C' were to be called the charge conjugation operator,
in view of the Lee and Wick Theorem and the C'PT Theorem, we would expect the operator

equation [OPNSTNS]2 = —1. Explicit calculation however reveals that
CPNSTNP |povr) = =€ 'n(=1)2 77 (<1)7 7 [p.or) = +|p,oyT) . (5.374)
The operator C is related to the operator CN° by
C =CNSs (5.375)

where
Slp,o,7) =7|p,0,7). (5.376)

If we wish to phrase the Majorana condition in terms of the charge conjugation operator CN°

itself, we have a modified non-standard Majorana condition

CNS(z) N1 = L74p(x). (5.377)
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5.8 The New Quantum Field with b'(p, o, ) # af(p,0,7)

In finishing this section we note that we have found distinct operators C' and CN® that have
the desired properties of satisfying the usual Majorana condition and the C'PT Theorem.
We have not proved that there is not one operator which satisfies both of these properties at

once.

5.8 The New Quantum Field with b'(p,o,7) # al(p, o, 7)

In the previous section the darkness of the new quantum field came about due to the Majorana
condition being satisfied. Specifically, we had set bf(p,o,7) = af(p, o, 7). In this section we
set bf (p,o,7) # aT(p, o, 7) and thus allow the new quantum field to carry conserved quantum
numbers making antiparticles distinct from particles. In this section we split the quantum
field into left and right-handed components and make some observations that hint at the
quantum field’s possible involvement in the Standard Model. Specifically, we put forward the
identification of this non-standard quantum field with neutrinos. Based on this identification,
we also put forward right-handed neutrinos and left-handed antineutrinos as being possible
dark matter candidates.

If we define the projection operators

P = %(1 —75) and Pgr= %(1 +75) (5.378)
where
Prip =+, and Ppy =g, (5.379)
we can write
Ye(z) = Ye(x)L + Ye(T)R- (5.380)
Explicitly, the components ¢y(x);, and ¢y(x)g are
d*p ;
Ye(x)r = / Gn) \/ﬁ Z [ Zug(p, o, 7)ra(p, o, 7) + e~ PZy(p, o, 7) b (p, 0, 7')}
(5.381)

and

3
vl = [ (d mz [P u(p.0.7)a(p.0.7) + P uy(p.0. ) b (b, 7)]
(5.382)

respectively. Here ur gr = P ru and vr g = Pr/gv. In terms of these left and right-handed

field components the non-standard Lagrangian is
= i[r + YRV OulL + Yr] — mYL + YRITIVL + ¥R (5.383)

=i [Py 0L + VL OuR + VRV 0L + YRV OutR]

—m [Yr7dr + YrmYR + YRTYL + YRTYR]
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5 Non-Standard Quantum Fields

If we remember that 1) = 1149, then 4°4*, when written as a 4 x 4 matrix composed of 2 x 2

blocks, is block diagonal so the cross terms
YLy Our + YRy L (5.384)
vanish!f. Similarly, the presence of the off diagonal matrix 4° in the mass terms ensures that
rTr = rTbR = 0. (5.385)
The non-standard Lagrangian thus takes the form
L =i [Py Oubr + YrY"Oubr] — m [YLTYR + YRTYL] . (5.386)

We will now examine v and g separately and in more detail. Consider part of the left-
handed field ¢ (z)r:

> ulp,o,7)ra(p,o,7) = Y [u(p,o,1)ra(p,o,1) + u(p,o,—1)ra(p,0, —1)].  (5.387)

o,T o

By inspection of Eqn. (5.305) and Eqn. (5.306) we see that

u(p,o,—1)r = —u(p,o,1)L, (5.388)
so Eqn. (5.387) becomes
Z u(pv g, T)La’(pv g, 7-) = Z u(p, g, 1)L [a(p7 g, 1) - a’(p> a, —1>] : (5389)

Numerically, ug(p, o, 1) is identical to the Dirac coefficient uy(p, o) for each fixed £. We will

therefore write

u(p,o)r = u(p,o,1)L (5.390)

and also adopt the convenient notation

a(p7 U) = Cb(p, g, 1) - a(p7 g, _1) (5391)
Similarly, v(p, o, —1)r = —v(p,0,1) so we will write
v(p,o0)r, =v(p,o,1)r and bT(p,U) = bT(p,a, 1) — bT(p,U, —1). (5.392)

The left-handed component of the quantum field then takes the form

3 X .
o) = / (‘;733 \/;%Z[elpwug(p,J)La(p,a)—i—e_zp.wve(p,U)LbT(p,a) . (5.393)

tTo help see this more easily, we point out that the Pp, /R Matrices project out either the top two or the

bottom two components of the spinors formed by the coefficient functions. Depending on where the zero slots

are, it can be seen at once whether these terms vanish, without having to calculate every detail.
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5.8 The New Quantum Field with b'(p, o, ) # af(p,0,7)

Turning our attention now to the right-handed field ¢ (x)g, if we define
u(p,o)r = u(p,o,1)g and v(p,0)r =v(p,0,1)r (5.394)
together with
¢(p,0) = a(p,0,1) +a(p,0,—1) and di(p,o) =b'(p,o,1) + bl (p,o,—1) (5.395)

the field ¥y (z)r becomes:

3 . .
Ye(z)R = / 5733\/;%2 [ezp'IUg(p,U)Rc(p,a)—l—eﬂp'zvg(p,U)RdT(p,U) . (5.396)

The left-handed field () 1, destroys particles created by the operators af(p, o,1)—a'(p, o, —1)
and creates antiparticles with the operators bf(p, o, 1) — bf(p, 0, —1). The right-handed field
Y(x)r seems to make what we would consider different particles. The right-handed field
destroys particles created by the operators af(p, o, 1) + af(p, o, —1) and creates antiparticles
with the operators bf(p,o,1) + bf(p, o, —1). It is tempting therefore to consider the fields
Y(z)r, and ¢(z)g to be the left and right-handed components of the two fields v} (z) and

v2(z) respectively where

3
vi(z) = / (‘2[753 \/;% U [P u(p. 7)a(p. o) + " uy(p, )b (p,0)] (5.397)

and

3
vi(z) = / (;lﬁp;g\/;% Z [eip'xug(p,a)c(p,a) + e_ip'xvg(p,a)dT(p,U)] ) (5.398)

With these definitions we can also write

TR = TvE =vh and TYp = TUE = V2. (5.399)

The Lagrangian then takes the form:
L =i [pp " 0] + UEy 0] — m [Divg + RV - (5.400)

In the kinematical part of the Lagrangian only the left-handed component of what we refer
to as the v} () field is present and only the right-handed component of what we refer to as
the 2 field is present. This seems to indicate that we may be able to identify the fields v} ()
and Vg(l') with neutrinos and antineutrinos respectively since only left-handed neutrinos and
right-handed antineutrinos have been observed in nature. If we can indeed make such an
identification then we may have part of an explanation for why observed neutrinos are al-
ways left-handed and why antineutrinos are always right-handed. In this view, neutrinos are
identified as parts of the non-standard massive spin-1/2 quantum field ¥y(z). One obvious
thing we need to check if our neutrino identification is to hold, is that the v7(z) field corre-
sponds to the charge conjugated field CN5v}(z)(CN9)~L, and similarly that the v}(z) field
corresponds to the charge conjugated field CN5u2(z)(CNS)~1. We now check this.
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5 Non-Standard Quantum Fields

By observing that & = &; (for Dirac-type fermions) together with
C™a(p,o)(CN*) ! = &rd(p,o),  C™%l(p,0)(C™) ! = &l (p, o) (5.401)

CNe(p,0)(C™) " = gb(p, o),  CNd(p,o)(C™®) ™! = &al (p, o) (5.402)

we see that the charge conjugated field CNSv} (z)(CN®)~1

& |/ TP L[t (p )elp. ) + €7 (p, ) (p >HT (5.403)
. — , p,o o o : .
(27)3 \/2po
Finally, we follow [42, p.225] in observing that
v*(p,0) =Cu(p,0), and u’(p,o)=Cu(p,0) (5.404)
where
0 0 0 -1
0 01 0
C= (5.405)
0 1.0 O
-1 0 0 O

and arrive at the results

CNSuL (2)(CN®)~ gan%u (5.406)

and

CNSV2 () (CN8) 7! 5RZCZM . (5.407)

In Eqn. (5.400) we see the presence of a rlght—handed “neutrino” field and a left-handed
“antineutrino” field in the mass terms of the Lagrangian. There are no corresponding kine-
matical terms. If we now consider U(1) gauge transformations, we notice that the mass terms
are gauge invariant but because there are no kinematical terms associated with V]l% and I/%
that contain derivatives, the right-handed “neutrino” and left-handed “antineutrino” do not
couple to any gauge fields, effectively making them dark with respect to the Standard Model.
For this reason we suggest that perhaps right-handed neutrinos and left-handed antineutrinos
should be regarded as prime dark matter candidates.

The left-handed “neutrino” field Vi and the right-handed “antineutrino” field 1/1212 have
kinematical parts in the Lagrangian but have no explicit corresponding mass terms. The
writing down of a kinematical left-handed neutrino term in the Lagrangian is consistent
with the Electroweak Theory, where there is no free particle mass term present. Particles
are assumed to be intrinsically massless in the Standard Model and only acquire mass by
interacting with the Higgs field.

Following the procedure outlined in Chapter 2, the Standard Model has an obvious problem.

Free particle Lagrangians are written down as massless. The problem with this is that the
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little group is IS0(2) instead of SO(3) [42, p.66]. The irreducible representations in the
massless case do not give Dirac fields because the little group does not give the same class
of representations as one gets when the little group is SO(3). However, in our non-standard
model, this problem seems to naturally be resolved. These observations also help to clarify
the physical interpretation of the non-standard propagator, Eqn. (5.355), which, although
derived from a massive quantum field, mysteriously does not have an explicit mass term.
This may be the key that justifies on purely quantum field theoretic grounds, the writing
down of massless Lagrangians in the Standard Model. This lack of explicit mass terms for
the left-handed “neutrino” field v} (z) and right-handed “antineutrino” field v%(z) also seems
consistent with the observation that neutrinos are apparently almost massless. If neutrinos
may indeed be identified with non-standard fields, perhaps most of the mass is contained by
the “dark matter” fields vj(z) and v7(x), leaving very little mass for the kinematical parts
of the neutrino fields, namely v} (z) and v%(x).

One final observation we point out here, is that if the identification of the non-standard
quantum field with neutrinos proved to be correct, then the parity and time reversal sym-
metries actually still hold. The perception that parity symmetries are broken in weak in-
teractions may be due to the neutrino being identified with the wrong quantum field. This
misidentification may relate to how the measurement process works. Perhaps the act of ob-
serving a non-standard quantum field acts as some sort of projection operator on the state

space so that the observer remains unaware of everything that is actually going on.

5.9 Conclusion and Discussion

In this chapter we have looked at the non-standard representations of the Poincaré group
on the Hilbert space of physical states. The initial motivation for doing this was that Elko
spinors have parity and time reversal commutation relations consistent with non-standard
Wigner classes, thus hinting at the possibility of Elko quantum fields finding their proper
theoretical context within these classes. Our search has not yielded Elko fields here either.
Regardless of this, while undertaking this investigation, we have more thoroughly explored
possible avenues for extending the Standard Model within the already existing standard
framework of flat spacetime symmetries, which, in itself, is a worthwhile and important thing
to do because it seems natural to us that the full extent of mathematical freedom in a theory
should be explored in order to not accidentally or carelessly leave out any possible physics. We
showed that in two of the three non-standard Wigner classes, no massive spin-1/2 quantum
fields were possible and that there was such a quantum field for the remaining non-standard
Wigner class, Case 3. Furthermore, we showed under what conditions this reduces to two
copies of the standard Wigner class. The new quantum field remains different from the usual
quantum field in any case, because the finite-dimensional representation of the Lorentz group

is different.
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If b(p,o,7) = a(p,0,7), then we have a natural dark matter candidate that is Majorana
in nature. Moreover, this new quantum field dark matter candidate is local by construction,
and also a well-defined quantum field in the sense of Weinberg.

We also looked at the case where the new quantum field had one or more conserved quantum
numbers. When written in terms of its left and right-handed components, the non-standard
quantum field appears as though it is composed of the left-handed components of one field
and the right-handed component of another field. Such fields transform into each other by
the charge conjugation operation. We made the suggestion that perhaps neutrinos corre-
spond to these non-standard quantum fields, explaining why the left-handed components of
neutrinos and the right-handed components of antineutrinos are observed in contrast to the
right-handed neutrino and left-handed antineutrino components which are not observed. Fur-
thermore, since the right-handed components of such particles and left-handed components
of such antiparticles have a mass term present, and there are no derivatives in the mass term
(and hence no coupling to gauge fields by writing down covariant derivatives), we suggested
that these fields are dark with respect to Standard Model gauge interactions. We also sug-
gested that on account of neutrinos being identified with non-standard quantum fields, parity
might not be violated in weak interactions after all, but that it may only appear that way,
based on our expectations on account of identifying neutrinos with standard quantum fields
with standard transformation properties under standard parity and time reversal operators.

In the next chapter we take a different approach to the problem of how to fit Elko into the
context of the Standard Model. We explore the concept of mass dimension transmutation in

the context of the Electroweak Theory.
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6 Elko Fields and the Electroweak Theory: an

Elko-Dirac Connection

6.1 Introduction

In this chapter we take another approach to the problem of fitting Elko into the context of the
Standard Model. The idea is motivated by the general concept in [39] of a mass dimensionality
transmuting operation. The context of the concept expressed in these citations is that of
Classical Spinor Theory. No attempt at a quantum theory was given. In this chapter, we
take the concept of mass dimensionality transmutation and apply it on the Hilbert space
of physical states in the most direct and simple way we can, and explore some possible
consequences of such an action, which may help to explain why only left-handed fermion
field components participate in electroweak interactions. In Chapter 5 we suggested that
perhaps neutrinos were non-standard quantum fields, and a natural consequence of this was
getting particles that were only left-handed and getting antiparticles that were only right-
handed. At least, as far as Standard Model interactions are concerned (We also suggested that
right-handed particles and left-handed antiparticles may be present but they may be dark
matter candidates, not having Standard Model interactions arising from a gauge principle).
However, in nature, when it comes to other particles like electrons, both left-handed and right-
handed components are observed which does not seem to fit the non-standard paradigm so
attributing neutrino properties to being represented by non-standard quantum fields does
not seem to offer a full explanation for why for example, only the left-handed components of
quarks interact electroweakly. Perhaps a fuller analysis might reveal that the identification of
neutrinos with non-standard quantum fields somehow forces only the left-handed components
of other Dirac-type fermions to interact electroweakly. Such an investigation goes beyond the

intended scope of this thesis and so is not pursued here.

The appeal of relating Elko fields to the electroweak sector of the Standard Model resides
in the fact that this sector involves spontaneously broken symmetries and does not respect

the parity symmetry. Such a broken symmetry situation might suit Elko fields better.
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6.2 Elko’s Possible Involvement in Electroweak Interactions with
Standard Model Matter

We here consider the concept of mass dimensionality transmutation of fermions in the context
of the electroweak sector of the Standard Model.
The first thing we here consider is the left-handed aspect of the weak interactions. For

standard Dirac type fermions, the wave equation for a free Dirac field v is
(iv* 0y — m)yp = 0. (6.1)

If we apply the projection operator Pr, to the left side of the Dirac equation, and note that
{v*,v5} = 0, we see that [67, p.464]

Z")/uau’(ﬁR = me. (62)
Similarly, if we apply the projection operator Pgr to the Dirac equation, we get
iV Oubr, = myr. (6.3)

Given that
myp = mi, + miyg, (6.4)

it follows that the Dirac equation cannot be locally invariant under the left-handed gauge
group SU(2)r. The standard solution to this problem for standard Dirac fermions is to say
that free fermions are actually massless and that these massless fermion fields acquire mass

by interacting with the Higgs field via the Yukawa interactions (see, for example, [67, p.465]):

M Our = gro'l, iVl = grdibr, (6.5)

where [ is a doublet with non-zero isospin and gy is a coupling constant. For example, for

leptons, the relevant parts of the Lagrangian take the form

L= —ge(leper +erd'le) = guludur + ird'ly) — g7 (- d7R + TrO'L). (6.6)
Inserting the vacuum expectation value % of ¢ into the Lagrangian gives
rvac _ —9ef _ 9uf _ 9t

5 (eLer + erer) 5 (fiLpr + firpr) 5 (TLTR + TRTL). (6.7)

Making the identifications

gef 7D 4 (6.8)

m_vm s Hor
v V2 V2

allows us to identify the terms in £VAC with the standard Dirac mass terms [20, p.359].

In this way, the Higgs boson takes on an additional very important role in the Standard
Model. In addition to giving mass to the weak force gauge quanta, the Higgs field also gives
mass to all of the Dirac type fermions of the Standard Model.
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Now consider the Elko field. At the spinor level, breaking the spinors up into left and
right-handed components allows us to more easily directly relate Elko and Dirac spinors via
their left and right-handed components. This provides us with a possible clue as to how the

Elko field might be related to the Standard Model.

If we make the assumption that the weak force only interacts with left-handed fermions
regardless of whether they are Standard Model fermions, or non-Standard Model fermions like
Elko, then we need to examine Elko fields to see whether left and right-handed components
get mixed like they were in the Dirac field. The dynamical equation of motion for the Elko
field is Klein-Gordon in form [34, p.5]:

(0,0" + m*)A(z) = 0. (6.9)

Applying the projection operators to this equation gives

(00" +mA)AL =0 and (9,0" + m?)Ag =0 (6.10)

so we see that Elko left and right components are not mixed up as they are in the Dirac case.
We therefore come to a simple but profound difference between FElko-type fermionic fields
and standard Dirac-type fermionic fields. Elko free particle states might intrinsically have
mass and may not need to acquire mass from interacting with the Higgs boson, in contrast
to Dirac free particle states, that are intrinsically massless (in the theory anyway) and need
to interact with the Higgs field in order to acquire what is normally regarded as their rest
mass. If Elko particles were to acquire their mass from the Higgs field also, the form of the

interaction would be fundamentally different.

A fundamental question now arises. Elko fields are defined with spinors that are dual
helicity in nature. The top two components of Elko spinors are eigenstates of the helicity
operator %0' - p with one eigenvalue and the bottom two components of Elko spinors are
eigenstates of the helicity operator with opposite eigenvalue. If we take projections and take
either the left-handed component or the right-handed component, the question automatically
arises whether we could conceivably end up with something that looks like the standard Dirac
left and right-handed fields ¢ (x) and ¥ g(z). We will now explore this by starting with the
Dirac field and asking the question can we make the Dirac field look like either the Elko field,
or some combination of left and right-handed components of the Elko field? Before doing

this, we start by choosing a particular basis for Elko. The rest spinors are of the form given
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by Eqn. (3.7). We choose the four linearly independent Elko rest spinors to be*

0 —i

§<0, ;) = \}5 i ;€ (0,_21) = \2 8 (6.11)
0
—i 0

SR I IO B il
~1 0

1 0
1 1 0 —1 1 1
U (0, > = — , U <0, ) = — (6.13)
2 2| 1 2 210
0 1
0 -1
1 1 1 -1 1 0
v|(0,= | =— v|0,— ) =— . 6.14
03)-%| o | ") -] | (619
-1 0
The left and right projection matrices P;, and Pgr are respectively
1 0y 09 1 Iy 09
Pr=-(1—5) = and Pr==(1+15) = : (6.15)
2 02 1o 2 O2 02

If we define the notation

gL(pv U) = PLg(pv 0)7 fR(pa O-) = PRg(p7 0-)7 CL(pa U) = PLC(pa 0-)7 CR(pa U) = PRC(p’ 0)7

(6.16)
by direct calculation we see that!:
ur(p, o) = €0(p, o), ur(p,0) = i(—1)7"¢x(p, —0) (6.17)
and
vi(p,0) = CL(p, o), va(p,o) =i(—1)2"Ca(p, —0). (6.18)

*We are absorbing the y/m factor into the boost operator and canceling it with the /m contained in
1
V2mpg
easily compared, and also so that the Elko and Dirac quantum field operator expressions may be more easily

1

V2po

the Elko quantum field integration measure so that the Elko spinors and Dirac spinors may be more

compared since now they have the same explicitly displayed integration measure, namely
fThe boost operator commutes with Py and Pg.
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At this point we define a linear and unitary mass dimensionality transmuting operator S on
the state space that changes the mass dimensionality of Dirac-type fermion states of species
n from three halves ([m] = 2) to one ([m] = 1), the particle species of which, we will denote

by n’, so we definef

S|p,o,n) = |p,o,n’), S[0)=0). (6.19)
This implies that
Sal(p,0,n)S™" = al(p,0,n) (6.20)
and
Sa(p,o,n)S™ = a(p,o,n). (6.21)

With this most direct approach to defining mass dimensionality transmutation on the state
space, we now examine the effect of this operation on the Dirac field. In what follows we
abuse notation and write a(p, o) instead of a(p,o,n) and a(p,o,n’). For the left-handed
component )y (x) of the Dirac field 1(z) we have St (z)S™! being

S/ @n) 3@2 ot “ur(p,o)a(p, o) +€_ip'f‘vL(p,a)bT(p,U)]S_1 (6.22)

/(277 3\/ﬁz [e”¢1(p, o)a(p, o) + e~ (p, )bl (p, )]

so we have
Spp(x)S™1 = Ap(2). (6.23)

Transforming the right-handed component ¥ g(z) to calculate Syg(z)S~! yields

3 _
z/(;lﬁ);;(m Z ePEp(p, —0)a(p, o) + e P r(p, —0)bl (p, 0)]. (6.24)

Making the change of variables p — —p, 0 — —o yields

3 % A
_i/ (ZWP ( \}7 Z sz *¢r(—p,0)a(—p,—0) + €_pr'$CR(—p,U)bT(—p, _U)]' (6.25)

By recalling that
(—=1)2"%a(—p, —0) = (x:Ta(p,0)T~" and (=1)27bf(=p,—0) = GTbl (p,0)T~" (6.26)

we see that Syg(2)S™! becomes

. d3 —1 DT 1Pp-x % -
i [ 50 n \/%Z Preg(—p,o)a(p, o) + PP (~p, o)l (p.o) )T (6.27)

#Mass dimensionality is a property of the field operators. What we mean here is that the creation operator
al (p, o, n) belongs to the expression for the field that has mass dimension three halves and similarly the creation

operator aT(p, o,n’) belongs to the expression for the field that has mass dimension one.
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where ¢, = (. Explicitly, the spinors £5(—p, o) and ((—p, o) read:

i(px + ipy) i(m +po — p-)
e (= 1 ~ —i(m + po + pz) e (- _1 ~ —i(px — ipy)
R pv 2 0 9 R pa 2 0
0
Z(m +po — pz) _'i(px + ipy)
i (—p b —i(pa — ipy) cf 1 i(m +po + p2)
R p7 2 0 9 R 9 2 0
0 0

In order to write the expression, Eqn. (6.27) in terms of the right-handed Elko field Ag, we

would need some matrix A such that
Er(P0)e=> Ayr(+p,0); and Ch(p,o)e =Y AuCh(+p,0); (6.28)
l l

By inspection of the spinors

+i(pe — ipy) —i(m + po F p)
1 ] + 1 ) +1
u(ap 2] | ) | (g 2| T
0 2 0
0 0
_i(m + Ppo ipz) :Fi(par - ipy)
1 :Fi(p:v + Z.py) 1 _i(m + po F pz)
4+p. = —p.—=
Cr ( P, 2) x 0 . Cr| P, 5 ) 0
0 0

we see that the (p, & ipy) terms would need to be (p, F ip,) terms so we can not relate
SYr(x)S™! to Agr(z). We will now try to relate Str(x)S™! to the left-handed Elko field
Ar(z). We first observe that

uR(pv U) = /70§L(_pa U) and UR(pvo-) = _’VOCL(_pa U)' (629)

Transforming the right-handed component ¥ g(x) yields

d3 - e
70/(27_‘_)3\1;%20:[6177 ¢(—p,o)a(p,o) —e CL(—p,U)bT(p,a)] (6.30)
d3 — P
- 70/(271’)3\1;%;[617;1) fL(an)a(_p,U) — € P CL(p’O-)bT(_p’ O.)]
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6.2 Elko’s Possible Involvement in Electroweak Interactions with Standard Model Matter

Given that
a(—p,0) = mPa(p,0)P~", bl(—p,0) =niPbi(p,c)P~" and 7 = —m, (6.31)
we obtain

3 , ‘
ﬁnVOPVO/m%;[elpp'z&(paa)a(na) + 7P (p, o)bl (p, o) P71 (6.32)

SO
SYr(x)S™! = nyyoPAL(Pz)P~L. (6.33)

We therefore arrive at the transformation law for ¢(z) under S, which is:
SY(x)S™! = Ap(x) + npyoPAL(Pz)P~L (6.34)

Interestingly, the right-handed components of the Elko field do not appear in this expression,
but only the left-handed components. Since it is only the left-handed components of Standard
Model fermion fields that carry weak isospin, we conjecture that perhaps electroweak inter-
actions involve the mass transmutation of the quarks and leptons from mass dimension three
halves to mass dimension one. If the physical scenario during the process of an electroweak
interaction involves this mass dimension change of the fermions, and if the fermions take on an
Elko form, then locality would be compromised in two spatial directions since Elko preserves
an axis of locality. This would have the immediate consequence that the parity space inver-
sion symmetry would automatically be violated, which, along with left-component non-zero
isospin, is also a key aspect of electroweak interactions.

The masses of the gauge bosons arise dynamically, generated based on the particular phys-
ical vacuum, which, when used to take the vacuum expectation value of the scalar field ¢(x)
yields % for some f. If a Standard Model doublet were to be affected by the vacuum in
such a way that the mass dimensionality was changed from three halves to one for each
fermion in the doublet during the process of the electroweak interaction, the change in mass
dimensionality would have to be accounted for. Perhaps the weak gauge bosons acquire their
mass dimensionality of one from the fermions in the Standard Model doublet which each
had mass dimensionality three halves prior to the electroweak interaction commencing. After
electroweak interactions, only the usual Standard Model local mass dimension three halves
fermions are observed, so if fermionic mass transmutation does occur during an electroweak
interaction, then the mass transmutation would have to reverse by the end of the electroweak
interaction. Perhaps the vacuum conditions created during an electroweak interaction are the
things which trigger the fermionic mass transmutation in the first place, and this unstable sit-
uation soon stabilizes and returns back to normal, restoring the original mass dimensionality
of any fermionic states at the end of the electroweak interaction.

Thus far in this section, we have explored a natural first approach to the concept of

fermionic mass dimensionality transmutation from three halves to one in the space inversion
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6 Elko Fields and the Electroweak Theory: an Elko-Dirac Connection

symmetry broken, gauge symmetry hidden setting of the electroweak sector of the Standard
Model. Such a concept seems to work well in this environment, naturally being consistent
with what goes on physically during an electroweak interaction. We will now finish off this
chapter by considering Elko fields in their original context, namely that of having stable
Elko states that can exist independently of special circumstances (for example, existing only
fleetingly during an electroweak interaction). In the preceding discussion, we moved from the
setting of the Standard Model in a well defined way with the mass dimensionality transmu-
tation operator §. The Elko-like states that resulted had clear origins, i.e, they came about
as a result of the mass dimension changing operation. In what follows, we consider Elko
independently of a theoretical origin so once again will just assume their existence, without
worrying about how we might formally derive them on the Hilbert space of physical states.
We have also commented on some of the things which follow in [55].

Elko left and right components can be separated leaving the left-handed components to
transform differently under SU(2)r, x U(1) from the right-handed components. Thus, Elko
passes a key test concerning its likelihood of being able to interact electroweakly with Stan-
dard Model matter. The right-handed components will transform as singlets under the elec-
troweak gauge group where as the left-handed components will transform as doublets under
the electroweak gauge group. We now explore left-handed Elko doublets having non-zero
isospin.

In order for an Elko doublet to interact with a W or W~ particle, we require that there
be an electric charge difference of unity between the top and bottom components of the
weak isospinor. The Elko Lagrangian accommodates global U (1) gauge symmetries (see Sec.
(3.3.1)) so Elko particles can, in principle, carry electric charge. Hence there is no problem

in writing down an Elko doublet £ of the form

A0>
e={ " (6.35)
(),

where the superscript “0” denotes an electrically neutral Elko field and the superscript “-”
denotes an electrically charged Elko quantum field differing from the neutral Elko field by
one unit of electric charge.

A possible Elko-Standard Model electroweak interaction might therefore look something
like

A=A+ W+ X

where X denotes other decay products adding no net charge to the interaction that might not
necessarily consist of purely Standard Model particles. If it turns out that Elko, on account
of violating rotational symmetries with its axis of locality, is dark with respect to usual direct
detection methods, a possible decay like the one above gives us a possible way of inferring
Elko’s presence indirectly by studying the Standard Model component of the interactions
that we can detect directly.
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6.2 Elko’s Possible Involvement in Electroweak Interactions with Standard Model Matter

The particular example of a possible interaction may very well come across as the appear-
ance of the violation of conservation of electric charge if the special locality attributes of
Elko complicate how and where the electromagnetic fields are produced. For example, if an
Elko particle was distributed over a plane the size of the galaxy,® and if we look for an Elko
particle in a very small region of space, the amount of apparent charge in that region might
appear as vanishingly small. If electric charge conservation ever did appear to be broken by
particle interactions involving W vector bosons, we would have evidence, not necessarily that
electric charge conservation has failed to be a universal law of physics, but that Elko particles
might be making their presence felt. The incoming Elko particle might have its charge spread
over the extent of the particle which is non point-like in at least two spatial directions. One
thing that should be studied more in its own right, whether in the context of Elko or more
generally, is the physical properties of non-local objects and how non-locality would affect
the physical observables like electric charge. We will not further pursue these issues here as
they go outside the intended scope of this thesis.

At presently accessible energies it may turn out that such an interaction as that stated
above might not ever be observed. This would suggest that either Elko does not exist, or that
there is some, as yet unexplored physical mechanism (perhaps some sort of spontaneously
broken symmetry mechanism) which prevents Elko symmetry currents from coupling to the
charged electroweak symmetry currents, or if they do couple, that the coupling strength is
vanishingly small for all practical purposes. If Elko particles do constitute at least a large part
of the dark matter sector, then there is evidence [50] that Elko should already be comfortably
within the energy range accessible to experiments. Another possibility is that there is some
mechanism that restricts the Elko electroweak symmetry currents to only couple with the
neutral electroweak symmetry currents involving the Z% vector boson.

The first experimental evidence for the Z° particle was found using the scattering reaction
Uy+e— 0, +e[80]. The Z 0 particle can interact with any Standard Model particles except
for gluons and photons. We take the view that since Elko particles could, in principle, carry
non-zero isospin, they should also be able to interact electroweakly by coupling to the neutral

currents. Elko particles should be able to scatter off each other and exchange a Z° particle.

$The Elko field is non-local in two spatial directions. The extent of the non-locality is unknown. It is also
unknown what this may mean for efforts to detect Elko particles. If these locality issues are not of importance
when it comes to matters of Elko detection, then this, combined with a lack of observational evidence for Elko

particles may put question marks as to the existence of Elko particles.
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7 Conclusion

We started this thesis by introducing the Elko quantum field dark matter candidate and
bringing to the reader’s attention that Elko spinors enjoy a variety of applications. They
have become well established in the literature, solidifying the claim that they form an impor-
tant branch of physics worth studying. The Elko quantum field operators formed by writing
down mode expansions using Elko spinors instead of Dirac spinors have not had theoretical
origins as clear as the spinors themselves. The Elko theory was clear at the classical spinor
level but the Elko Quantum Field Theory at the state space level was more obscure. We

wanted to explore Elko at the level of quantum fields on the state space, broadly to:

1. Try to understand the theoretical setting at the level of the Hilbert space of physical
states that could give rise to the Elko quantum field dark matter candidate.
2. Explore the Elko Quantum Field Theory to deepen our understanding of Elko fields and

their possible interactions with things we can observe.

We made a number of attempts at deriving the Elko quantum field operator on the state space
in a well-defined way, encompassing both the standard and non-standard Wigner classes. We
reached the general conclusion that Elko fields are not quantum fields in the sense of Wein-
berg, a result first announced at the Heidelberg International Dark Matter Conference in
January 2009. We published a conference proceedings paper soon afterwards [47]. The result
of not finding a well defined Elko quantum field operator on the state space led us to consider
the possibility that perhaps Elko’s theoretical origins might be found among the remaining
distinct representations of the state space - the non-standard Wigner classes. No Elko field
turned up there either. This, in turn, led us to consider Elko’s involvement in the part of
the Standard Model that deals with broken symmetries, namely the Electroweak Theory. We
considered what might be the possible effects of the mass dimensionality of the Standard
Model doublets being changed from three halves to one for the duration of an electroweak
interaction.

In Chapter 1 we showed that Elko research is an established and important area in theoret-
ical physics to make it clear that Elko is worth studying. We proceeded in the same chapter
to outline how we would add our own significant contribution to the Elko landscape, by deep-
ening and extending our understanding of Elko at the quantum field theoretic level. We then

introduced the fundamentals of Quantum Field Theory in Chapter 2 and highlighted Wein-
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berg’s way of setting up the quantum field formalism which has a distinct advantage in the
sense that it makes explicit the interplay between the infinite-dimensional representation of
the Poincaré group on the state space and the finite-dimensional Lorentz group on the space
of spinors. We wrote the review with a chain of concepts following the logical development
as set forth by Weinberg.

In Chapter 3 we explored possible Elko field interactions with Standard Model gauge fields.
We gave the conditions necessary for Elko fields to admit gauge interactions, and pointed out
important areas where Elko Field Theory is incomplete. We proposed what we believe to be
the most natural ways of completing the Elko Field Theory and arrived at results that are in
sharp contrast to those in the literature concerning the darkness of Elko fields with respect
to the Standard Model.

In Chapter 4 we turned our attention from the question: What can we do with Elko quantum
fields? to the question: How can the Elko quantum field be made to emerge in some clear well-
defined way on the state space? We started this task by asking the question: Is the Elko field a
quantum field in the sense of Weinberg? If the answer to this question had have been yes, we
would have automatically answered the main question because Weinberg quantum fields arise
under well-defined and well known conditions. The answer however, turned out to be no. The
failing of Elko fields to be Weinberg quantum fields comes about because since the elements
of the Elko spinors are used as coefficient functions for a quantum field operator instead of
the usual Dirac coefficient functions, the Hamiltonian density built from these field operators
does not transform under rotations as a Lorentz scalar. This led to the idea (Ahluwalia et
al.) that perhaps Elko might be restricted to a plane, which itself was somehow free to move
around in ordinary four-dimensional Minkowski spacetime. This also seemed consistent with
the observation that Elko has an axis of locality. Only requiring Elko to transform properly
under rotations in just one plane initially looked as though Elko spinors could be incorporated
in a well-defined way into quantum fields but this also had a serious problem. Without the
demand that Elko fields must transform in a certain well-defined way under all rotations,
it is only possible to derive a formula which relates £((0,py,0),0) and (((0,py,0),0) to the
general spinors &((pz, py,pz),0) and (((pz, py,pz),0). Without additional criteria for Elko
fields to satisfy, there was no concrete way to transform the spinors £(0,0) and ((0,0) to
£((0,py,0),0) and ¢((0,py,0),0). After discovering this problem, we decided to examine the
issue of Elko quantum field causality more closely. The anti-commutator between the Elko
field operator Ay(z) evaluated at spacetime coordinate x and its adjoint field operator A}(y)
evaluated at spacelike separated spacetime point y, in general fails to vanish. This is so, even
if we choose an axis that is aligned with the axis of locality, so even along the axis of locality
there is still some sort of non-locality or non-causality present.

Next we looked at a quantum field based on spinors that have the same form as Elko spinors
when p = 0 [50]. They transform under the VSR group. We showed that at the level of the

state space, the unitary irreducible representations of the VSR group are one-dimensional,
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with the little group being SO(2), so the states labeled by this symmetry group, do not have
two-valued discrete indices so it is not clear how this quantum field can emerge from the state
space either. This is also a very significant result as this quantum field was written down as
a reaction to our result that Elko fields are not quantum fields in the sense of Weinberg, and
that the symmetries of the Lorentz group are not respected. We took this observation as a
reason why the search for a way to derive the Elko cousin should be extended to include non-
commutative spacetime. We proposed (see Sec. (4.5) based on discussions with Butler et al.)
that a good first place to look might be the symmetry group associated with the Stabilized
Poincaré Heisenberg algebra. In our view, developing a Quantum Field Theory based on this
algebra would be a worthwhile pursuit in its own right, independent of Elko-type quantum
field searches, and holds the potential to possibly produce a quantum theory that includes
gravity.

The most natural attempts to derive the Elko quantum field in the context of the standard
representation of the Poincaré group on the state space failed to produce Elko fields. This,
combined with the fact that at the level of classical spinors, Elko transforms under the
discrete symmetries like the non-standard Wigner classes, led us to extend our search to the
non-standard Wigner classes.

In [33, p.1387] Lee and Wick said of the non-standard Wigner classes that:

“...with the added assumption of the local field theory, Wigner’s cases 2,3 and 4 either do
not occur or can be reduced to his case 1 by using different operators in the sets {SP} and
{ST}

By {SP} and {ST}, Lee and Wick mean the sets of operators obtained by combining the
space and time inversion operators with internal symmetry operators.

It was not clear to us whether the C'PT theorem should be valid for the non-standard
Wigner classes since Weinberg only proves the C'PT Theorem in the context of the standard
Wigner class.

Furthermore, as hinted at in [54], it is not even clear if the CPT symmetry is 100%
universally valid in the standard Wigner class in the first place. The other issue motivating
the work of Chapter 5 was that it was not entirely clear to what extent the work by Lee and
Wick harmonized with the formalism as explained by Weinberg. As mentioned in Chapter
5, Weinberg states in [42, p.104]:

“No examples are known of particles that furnish unconventional representations of inversions,
so these possibilities will not be pursued further here.”

We believe that the study of the non-standard Wigner classes, and the search for non-standard
quantum fields, is a worthwhile endeavor to embark on, even independently of searching for
Elko fields. It is true that exploring new symmetry groups and fundamentally new theories
with very different mathematical properties, being guided by experiment is a worthwhile and
important thing to do. However, we also believe that it is important to fully explore the

allowed areas within the mathematical boundaries in already existing theories, as there could
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be important physics hidden away in these unstudied gaps allowed by the mathematics. Even
if such studies yield no new physics in the end, such avenues need to be explored and such
conclusions need to be shown rather than assumed, so that we know that it is worthwhile
moving on and searching for the answers to various physics questions elsewhere.

We have looked for non-standard quantum fields and in Cases 2 and 4 verified the cor-
rectness and applicability of the first part of the claim made by Lee and Wick above, at
least in the case of massive spin-1/2 fields. For Case 3, we found a non-standard massive
spin-1/2 quantum field which is a quantum field in the sense of Weinberg. That is, we found
a quantum field that is local, and transforms correctly under the Poincaré group in the sense
that the Hamiltonian density built out of such field operators will transform under the full
Poincaré group as a Lorentz scalar. This Case 3 quantum field is new. It transforms under
a different finite-dimensional representation of the Lorentz group. Even if the non-standard
state space is allowed to be transformed to look like two copies of the standard Wigner class,
the distinctiveness of the non-standard field to the Dirac field is still preserved.

We then moved on to show that it is possible for the new quantum field to be viewed as a
Majorana-type dark matter candidate when assuming that the new quantum field carries no
conserved quantum numbers. When conserved quantum numbers are allowed, we brought out
some odd properties of the new quantum field, which led us to suggest identifying neutrinos
with the non-standard quantum field and also suggest that the right-handed components
of what we called neutrinos and left-handed components of what we called antineutrinos
may be dark matter candidates. We made this suggestion on the ground that there is no
kinematical term for them in the Lagrangian that naturally couples these fields to Standard
Model gauge fields by a covariant derivative. If our identification of the non-standard quantum
field with neutrinos is correct, then we suggest that right-handed neutrinos and left-handed
antineutrinos be prime candidates for dark matter. Furthermore, the strange situation of
having kinematical terms in the Lagrangian without corresponding mass terms and having
mass terms in the Lagrangian without corresponding kinematical terms leads us to suggest
that maybe the mass of a neutrino is not evenly distributed between left and right-handed
components. The dark matter components of neutrinos may carry far more mass than the
neutrinos that we see that would correspond to kenematical terms in the Lagrangian with no
accompanying explicit mass terms. Perhaps this may account for the apparent lightness of
observed neutrinos, in contrast to the other much heavier massive particles in the Standard
Model.

Turning our attention back now to the question of whether Elko fields are non-standard
quantum fields, our search in the non-standard Wigner classes did not turn up Elko fields
there either. As we discussed in Sec. (5.9), Elko Field Theory is an incomplete theory. In
this thesis we have taken what we believe to be the most natural way of plugging the main
holes in this theory. With our way of plugging these holes, Elko does not turn up as a well-

defined quantum field in the sense of Weinberg, among any of the Wigner classes, standard
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or non-standard.

The issue of the incompleteness of Elko Field Theory has far reaching consequences beyond
whether Elko fields can be derived in the non-standard Wigner classes. The incompleteness
of the theory regarding the Elko dual operation on operators in Hilbert space greatly obscures
whether Elko fields can admit gauge interactions. If Eqn. (3.56) holds, then there is no reason
why Elko fields cannot interact with Standard Model gauge quanta, and therefore participate
in quantum electrodynamic, quantum chromodynamic and electroweak interactions. The na-
ture of the incompleteness of Elko Field Theory therefore constitutes a potentially significant
criticism of the theory. The ability for Elko particles, interpreted in what we consider to be
the most natural way, given the holes in the theory, to admit such a wide array of interactions
with Standard Model particles reduces their suitability as dark matter candidates, but does
not rule Elko particles out as dark matter candidates for several reasons. Firstly, since Elko
fields have a single axis of locality (at most), the nature of the non-locality may be such
that they could be spread out over vast distances, creating all sorts of poorly understood
complications when looking for Elko particles in a small area, such as the LHC for example.
Secondly, the lack of observations of Elko interacting with the Standard Model gauge quanta
could be interpreted as evidence that the holes in Elko Field Theory should be filled in less
obvious ways. Specifically, one might decide that we do not want Eqn. (3.56) to hold, not
for any theoretical reasons, but simply because of the lack of Elko particle observations in
nature.

Darkness aside, and more fundamentally, the suitability of the Elko field as a quantum
field is brought into question by a series of observations made in this thesis. Namely, the
non-locality /acausality of Elko fields. It may be argued that since Elko is not local/causal,
we would not expect it to be a quantum field in the sense of Weinberg, since any Weinberg
quantum field is by construction, local (and causal). If we take this view, we are then
left with the question of what alternative physically reasonable and mathematically rigorous
ways are there to write down non-local new quantum fields? We might take the view that
one way to set up alternative quantum fields is to study spinors and then just write down an
associated quantum field operator, like was done with Elko fields. However, as we have seen,
figuring out all of the mathematical details surrounding spinors in spinor space, including
their transformation properties under well-defined symmetry groups, does not tell us how
we should set up a Quantum Field Theory based around such spinors. If we write down a
quantum field based on spinors, as we have seen with Elko fields, the theory is not complete.
If this method of coming up with new quantum field operators is going to be useful and
physically meaningful, more mathematical axioms and physical assumptions will need to be
added in order to have a physical theory that is internally complete.

In Chapter 6 we examined the idea of linking Elko fields in with the Standard Model by
considering the concept of mass dimensionality transmutation, together with our observation

that the left and right-handed components of Dirac spinors can be related to the left-handed
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components of Elko spinors. This latter observation led to the suspicion that perhaps the first
concept might be involved in electroweak interactions since only the left-handed components
of Dirac fields have non-zero weak isospin. The most basic natural consequences of our first
and simplest approach to studying mass dimension transmutation seem to harmonize nicely
with some of the basic things we know about electroweak interactions. We believe this to
be encouraging. It provides justification for pursuing research on this in the future in more
detail. We finished off the chapter by once again putting the question of deriving Elko fields
on hold, and contemplating the feasibility of having Elko doublets carrying non-zero weak
isospin and having electroweak interactions with Elko doublets. We believe that in principle
symmetry currents can be written down with such Elko doublets, and that the symmetry
currents can be coupled to existing Standard Model electroweak symmetry currents to form
a new interaction term, producing electroweak interactions between Elko fields and Dirac
fields. We believe that in this sense, Elko is not dark, however, Elko may still appear to be
dark, on account of the possible difficulty of detecting it, given its non-locality properties. The
electroweak Elko symmetry currents should also be able to couple to themselves producing
electroweak interactions solely involving Elko fermions without the inclusion of any Dirac
fermions. The only Standard Model component to these sorts of interactions would be the
gauge bosons mediating the interactions.
We finish Chapter 7 by remarking on something we said near the end of Chapter 1:

“...we believe that in any physical theory, all of the allowed “wriggle room” in the mathe-
matics should be fully explored so that the full extent of the physics may be elucidated and
understood. Developing new theories has an important place in physics but we believe it to
be also important to fully explore the existing physical theories too.”

In this thesis we have seen the importance of this philosophy in the case of Elko Field Theory
and the non-standard Wigner classes. By exploring the freedom in the mathematics, we ob-
served significant previously unknown possibilities such as the ability of Elko fields to interact
with Standard Model particles other than the Higgs boson and the possible existence of a

non-standard massive spin-1/2 quantum field, just to name a few examples.
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