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Abstract

There are hints coming from some scenarios of modern String and Quantum
Gravity theories that Lorentz invariance may not be an exact symmetry of Nature.
The study of Lorentz violating theories therefore provides an insight into ultraviolet
physics. We employ the Effective Field Theory technique to study the most general
extension of the Standard Model and its Supersymmetric modifications with Lorentz-
violating interactions of mass dimension five. We provide a complete classification
of the interactions in these theories and determine a typical experimental sensitiv-
ity to the size of Lorentz violation. A detailed study of the operators that induce
CPT-odd Electric Dipole Moments is performed and it is shown that they yield an
independent constraint on Lorentz violating physics. We provide an application of
Lorentz violating physics to the problem of generation of baryon asymmetry of the
universe. A scenario of Leptogenesis driven by C'PT-odd interactions is considered

and confronted with experimental constraints on Lorentz-violating physics.
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Chapter 1

Introduction

I N 1887, when A. Michelson and E. Morley performed their experi-
ment [1], the era of Special Relativity started. The complicated history of
the development of Special Relativity was caused by different interpretations of the
results of the experiment. Nevertheless, all interpretations exploited one simple, al-
beit strange, fact of the permanence of the speed of light in their foundation: the
absence of a preferred reference frame, as one would say now. Neither G. FitzGerald,
H. Lorentz, H. Poincaré, A. Einstein, nor A. Michelson and E. Morley realized how

far-sighted and fundamental their conclusions would be. Nor could they predict that



a hundred years later the scientific community would come back to the very questions
of the fundamental aspects of Special Relativity, in search for new properties of space
and time.

There are reasons to do so. Not in order to put the brilliance of century-old
discoveries under doubt, for at those energies available for the past hundred years,
the properties of nature were indistinguishable from being Lorentz invariant. But to
extend out beyond the range of validity of Special Relativity where new laws could be
at power. Indeed, many believe that ultraviolet physics may be described by String
theory. It is well known that some compactification limits of String theory and M-
theories predict [2,3] that space-time might be of a non-commutative character at
very small distances. This property inevitably carries violation of Lorentz invariance.
In certain scenarios, Loop Quantum Gravity predicts modifications of dispersion re-
lations for particles at the Planck scale, in a Lorentz-noninvariant way [4]. There are
also hints that Lorentz symmetry may be broken coming from cosmological observa-
tions. The simplest example is the Cosmic Microwave Background, which defines a
preferred frame (Earth, Solar system and the Galaxy are all moving with respect to
this frame). If there is a background vector or a tensor which is non-trivially coupled
to the Standard Model, it then will manifest itself in the Lagrangian as a preferred
direction violating Lorentz invariance. Dark energy could provide such a background.

If represented by quintessense, a slowly varying scalar field, its evolution in time also



defines a preferred frame (which actually matches the CMB frame), and thus could
be observed as effective Lorentz violation. These considerations encourage the search
for departures from Special Relativity in the form of violation of Lorentz invariance
at the fundamental level.

One of the earliest attempts to violate Lorentz invariance was to modify dispersion
relations for particles, the idea which dates back to the 1960’s [5]. The simplest way

to modify the dispersion relations is to introduce terms of higher order in momentum:

K
E2:m2+p2+%-p3+w-p4+.... (1.1)

Here 1 and k are the parameters of violation. Speculatively, if one ascribes violation
of Lorentz invariance to Quantum Gravity, the scale M then is associated with the
Planck scale M ~ Mp; ~ 10" GeV. These relations can be modified for all sorts of
particles — photons, electrons, protons or any other species pertinent to the model
at hand (generically, all particles could have corrections to their dispersion relations,
but the more “non-familiar” the particle, the more difficult it is to probe for effects).
However, until recently such modifications were introduced in a completely ad hoc
manner, without any connection with Quantum Field Theory (QFT). The emergence
of a wide scale separation and a small parameter £/M (which for M ~ Mp, is much

smaller than one) calls for application of an Effective Field Theory description. The



idea of applying the Effective Field Theory (EFT) to Lorentz violation is not very old,
and it constitutes the main subject of this dissertation. It should be noted, however,
that Lorentz violation via EFT is one of the examples of Quantum Field Theory in
external backgrounds [6,7]. Lorentz violation (LV) is more generic than background
field theory in the sense that it allows fairly arbitrary interactions on the Lagrangian
level. It is special, however, in the sense that the LV background is not a gauge field
and is typically constant.

One type of LV theories, an example of which is Quantum Gravity, is where
the presence of the minimal length scale is a property of the theory. Since Lorentz
invariance does not assume any dimensionful scale parameters for the space-time,
it must be broken by the minimal length. An alternative type of LV theories is
where Lorentz invariance breaking is realized dynamically. The main problem of
this direction is to achieve condensation of a vector or a tensor field. This problem
seems to be tractable in condensed matter physics, e.g. via a non-zero chemical
potential, but it seems rather unfeasible for providing a Lorentz-breaking behavior
to quantum field theory at the fundamental level. There are a number of candidate
theories which Lorentz symmetry but none of them have a satisfactory ultraviolet
(UV) description. To mention a few, there is the “Einstein-Aether theory”, which
uses a Lagrange multiplier to “condense” a vector field on the equations of motion

[8]. Another popular example is “ghost condensation” [9], where a scalar field is



condensed to a configuration, and the space-time derivative of this configuration plays
the role of a Lorentz-breaking parameter. The latter theory cannot be fundamental,
since it involves higher-dimensional interactions. However, it has not been proven
that there exists a renormalizable UV completion of the ghost condensation theory.
Quite similar to this problem is the aspect of writing an LV theory consistent with
General Relativity [9-11]. One is bound to introduce new degrees of freedom even
at the effective theory level, and provide a mechanism which condenses the new
fields or suppresses their fast oscillations. In general, the dynamical breaking of
Lorentz invariance and its coexistence with the General Relativity possess the well-
known problems of ultraviolet completion and the presence of instabilities. We will
not discuss these approaches here, as we concentrate on the Effective Field Theory
description of LV.

The most powerful feature of the Effective Field Theory approach to Lorentz
violation is that it can universally describe the low-energy theory where the Lorentz
invariance is broken, without making any assumptions about its UV limits. In this
way, one can generate the modified dispersion relations as in (1.1), and reproduce the
consequences of space-time non-commutativity or the low-energy interactions caused
by the ghost condensate, if desired.

The basic idea of EF'T was motivated by Wilson’s approach to renormalization

of a divergent theory [12-16]. The Effective Field Theory method allows one to pass



from a theory defined at one (presumably very high) energy scale Ayy to an effective
theory describing dynamics at a lower energy scale by integrating out the degrees
of freedom with momenta between these two scales. The high energy theory (the
UV or microscopic theory) induces various kinds of interactions in the low energy
effective Lagrangian. These interactions obtain a natural hierarchy in accord with
their mass dimension — the higher the dimension, the less important the operator
is. The usual terms in a Lagrangian in four dimensions have mass dimension four, so
that the action is dimensionless. Operators of other mass dimensions thus can only

enter with a dimensionful parameter so as to form an operator of dimension four:

L =iy + csMopp + CM"’EUM/}FW + ...

Here c¢3 and c5 are dimensionless coefficients of order one, which are called the Wilson
coefficients. In the low-energy effective Lagrangian, there is a natural candidate for
such a dimensionful parameter — namely, the UV scale Ayy. This way, the operators
of dimension less than four are enhanced by the ultraviolet scale and are called the
relevant operators, while those of dimension greater than four are suppressed by that
scale and are called the irrelevant ! operators. The operators of dimension exactly

four are called the marginal operators.

!The actual meaning of the terms “relevant” and “irrelevant” is slightly deeper [12].



It is very commonly accepted that the Standard Model (SM) of fundamental
interactions is an effective theory. There are a number of hints coming both from
experiment (e.g. neutrino oscillations, existence of dark matter and dark energy) and
from theory (e.g. gauge hierarchy problem, unification of fundamental forces, etc.)
which indicate that there is New Physics governing at some high energy scale which
we do not understand. Consequently, there have been numerous candidate theories
proposed as extensions of the Standard Model in various directions. To mention just
a few: there is a whole spectrum of phenomenological theories generated by string
theory, there are a number of theories of quantum gravity, models with large extra
dimensions, non-commutative extensions, supersymmetric models, and many more.
Some of them predict that Lorentz invariance must be broken. Lorentz violation is
therefore a tool which helps one study such theories and determine whether they
are phenomenologically acceptable. One can make both quantitative and qualitative
phenomenological statements and conclusions about Lorentz violation using EFT,
without specifying whether the UV theory that sources LV is loop quantum gravity,
string theory, or something else. Since UV dynamics is not known (or not specified),
generically one has to admit all kinds of terms satisfying certain symmetry constraints
into the effective Lagrangian accompanied by appropriate (but indeterminate) coeffi-
cients. The symmetry constraints are normally the requirements of gauge invariance

(as the UV theory is not expected to break it), and in certain cases, invariance under



discrete symmetries.
Let us give some examples of how fundamental symmetries can provide probes of
New Physics. Schematically, the Lagrangian of the Standard Model can be written

as

Lov = —2%9232 + ;Efpwf + (D.H)* - fz:yfﬂflﬁgﬂ - V(H),
i 4 9

where F; enumerates the gauge fields, 1y runs through all lepton and quark species of
the Standard Model, H is the Higgs field, the term with y;, symbolizes the Yukawa
couplings and V(H) is the Higgs potential. This theory is being verified in current
accelerators up to the scale of 200-300 GeV (LHC will be able to probe for up to a few
TeV). It is clear that if New Physics takes place at the Planck scale Mp; ~ 10! GeV
or at GUT scale Aqur ~ 10 GeV, it will never be directly accessible to accelerator
experiments.

Now assume that some unknown New Physics takes place at a high scale A.
Integrating out the degrees of freedom with momenta higher than 200 GeV leads to
an effective theory which has the degrees of freedom of the Standard Model. Much like
4-fermion interactions appear in the Lagrangian after the weak bosons are integrated

out, one may naturally assume that the Standard Model Lagrangian can similarly



contain higher-dimensional interactions
=, 1
n=1

Here the coefficients \,, are the Wilson coefficients of the operators, which run with the
scale. The massive parameter A enters as the only dimensionful parameter associated

with the New Physics. An example of such interactions can be

0= (El’)’uwl)(@ﬂ/“@h) . (1-3)

Virtually arbitrary operators should be included in the Lagrangian (1.2), subject only
to the invariance under gauge and other basic symmetries which must be respected.
Having a higher-dimensional operator, such as (1.3) of dimension six, the scale A at
which one can probe for new physics greatly depends on the symmetry properties
of the operator itself. In particular, the operator may violate some of the discrete
symmetries.

One of the important examples of higher dimensional operators breaking discrete

symmetries is the neutrino mass operator of dimension five

O = Y,;H'L{H'L,, .
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This operator is compatible with all symmetries of the Standard Model (except the
lepton number) and is very likely to be the source of the observed neutrino oscillations.
Therefore, neutrino oscillations can provide a window into physics at the scales of up
to 10'° GeV.

In general, the more “fundamental” the broken symmetry, the higher the scale

which can be probed:

— O violates CP:
O=c¢eiyse-qq, dim6 — A ~ 10° GeV,
— O violates flavor symmetry:
O=359"d-5v,d, dim6 — A ~ 107 GeV,
— O violates baryon + lepton number:
O = €gpe uLCysdy -t ., dim6 — A ~ 10 GeV.
In a Lorentz-violating theory, one assumes that the new interactions are coupled

to vector or tensor backgrounds ch"-
0.
Liv = Lsu + ) o= (1.4)
n

The Lorentz symmetry is more fundamental and there are no intrinsic parameters at
hand to relate them to A, except for probably Aqur or Mp,. In this way, as we will

see, effective Lorentz-violating theories can provide probes for physics at and beyond
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the Planck scale.

One of the most illustrative examples of a generic Lorentz violating effective field
theory is the Standard Model Extension (SME) by Don Colladay and V. Alan Kost-
elecky [17]. In this model, the authors introduced Lorentz violation at the dimension
three and four levels into the Standard Model. The Lorentz violation was realized
in the most general way, i.e. the only requirement to LV operators was that they
retain the whole SU¢(3) ® SUL(2) ® U(1) gauge invariance of the Standard Model.
Otherwise, they are arbitrary operators of mass dimension three and four coupled to

external vectors or tensors, e.g.:
T 5) 1 - T, v 1 . %) v
Lsvur D — (ar) LYWL — (ag) RY"R + §Z(CL),“,L’)/“D L+ §Z(CR)WR7“D R, (1.5)

where L is the left-handed lepton doublet, R is the right-handed electron, D" the
covariant derivative and ar r and cg g the LV background tensors. Aside of these
aspects, generality also means that the operators of the matter sector considered

in [17] are flavor-nondiagonal, i.e. they are matrices in the flavor space:
(ap) LV"L = (aL);‘B LAy*LE |

In the Quantum Electrodynamics subsector, Lorentz violation of this kind leads to ob-

servable effects, the absence of which has put strong constraints on the LV parameters
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of SME. In particular, SME admits the Chern-Simons term, the phenomenological

implications of which were first discussed in [18]:

1 v
['ChernfSimons = §(k'AF)n€n)\uu A)\F“ .

In Quantum Electrodynamics, this term causes vacuum birefrigence of the electromag-
netic radiation. Geomagnetic and cosmological observations allow one to constrain
the magnitude of this term quite severely.

The work [17] was one of the pioneering attempts to introduce Lorentz symmetry
breaking in the whole Standard Model. The Standard Model Extension might seem to
be no less consistent as a field theory than the Standard Model itself; that is, it does
not introduce extra theoretical problems. However, the SME does have difficulties
when one tries to embed it into a curved space — unlike the Standard Model, which
can easily be written in the context of General Relativity. But more importantly,
it appears that Lorentz violation at dimension three and four level has particular
problems with experiment, and there need to be very strong arguments why the
LV parameters of SME should be so unnaturally small. The latter problems are
more acute from the EFT point of view, since one would expect that the dimension
three operators must be enhanced by a power of the ultraviolet scale, rather than

miraculously suppressed.
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Smallness of the magnitude of Lorentz background tensors comes about naturally
in theories with irrelevant LV interactions, i.e. those of mass dimension greater than
four. Although there seems to be a problem of renormalizability, one should keep
in mind that they are effective field theories, and as such are regularized by their
natural cutoff Ayy which limits the momenta running in the loops. There are only
a few studies of Lorentz violation due to higher dimensional operators, and we now
briefly review some of them.

As we mentioned before, Lorentz invariance is intrinsically broken in non-commu-
tative theories [19-21], which originate from non-commutative geometry [22]. In such
theories, the space-time coordinates are defined to be operators which satisfy certain
commutation relations. A typical example occurs when the operators commute into
a constant antisymmetric tensor:

i0,,
ANC ’

[i‘u’ ‘%V] =

where 6, is a tensor structure of order one, and Ayc defines the scale of noncommu-
tative physics. The Seiberg-Witten map allows the reflection of a noncommutative
theory into a theory on an ordinary space-time, as a series in the order parameter
6,/ Axc. Each term of the series is an operator coupled to 6,,/Axc and thus effec-

tively an LV interaction. The scale of non-commutativity is constrained at the level
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Ayy > 5 x 10 GeV.

In [23] Myers and Pospelov have extended Quantum Electrodynamics with LV
interactions of mass dimension five. The main purpose of the theory is to induce
modifications of dispersion relations for fundamental particles, within QED, by in-
troducing a number of LV interactions. The work [23] also specifies a thorough list
of requirements a LV effective theory should meet. In brief, when writing a number
of LV operators, one must ensure that they are all gauge invariant and Lorentz in-
variant, except for their coupling to the external LV background. They should not
be reducible to lower dimension operators on the equations of motion (otherwise, at
tree level, they would effectively have lower mass dimension and should be consid-
ered within a different appropriate theory). Similarly, if one is not worrying about
non-perturbative effects, no LV operators can be a total derivative. Results from
low-energy anisotropy searches allowed the authors to infer constraints of the order
of 1072* to 10~% GeV ! on Lorentz violation at dimension five level.

Another interesting example can be found by supersymmetrization of a theory.
As was recently discovered [24], supersymmetry may serve as a good selection rule for
LV operators. When taken together with gauge invariance, supersymmetry appears
to prohibit all dimension three and four LV operators. It also has a useful property of
redefining the ultraviolet scale to that of supersymmetry breaking, as will be discussed

later. A Lorentz violating extension of supersymmetric QED will be addressed in
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Chapter 4.

We emphasize that the Effective Field Theory approach is very efficient in terms
of phenomenology of LV. If present in nature, the violation of Lorentz invariance
cannot comprise a large effect at low energies, and in fact has been strongly bounded.
LV interactions are corrections to the Standard Model Lagrangian and therefore can
be easily linked to specific phenomena implied by their presence. There are numerous
experiments that have been set up to test these phenomena, and more are expected.
Let us provide some familiar examples where Lorentz violation has been investigated.

First, there are a number of Earth-bound experiments which search for an effec-
tive anisotropy of space. One type of experiments is a “comagnetometer” or “clock-
comparison” experiment which measures and compares frequencies of oscillations of
two different particles in a magnetic field [25,26]. If these two particles have spin cou-
plings to the LV background which do not scale exactly as their magnetic g-factors,
they would exhibit a LV difference of the precession frequencies which cannot be
caused by fluctuations of the magnetic field. The works [26] and [25] obtain similar
limits on the LV frequency shift at the level of 100 nHz which translates into a limit
of 1073! GeV on certain combinations of LV parameters in Eq. (1.5).

Another type of experiment searching for deviations from Lorentz invariance is
a “torsion pendulum” experiment, which reaches the topmost sensitivity to Lorentz

violation in the electron spin sector [27-29]. This experiment is looking for a “free”
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torque of a magnetized torsion pendulum mounted on a fiber in a magneto-isolated
space. If the LV background couples to the particle’s and (as a consequence) the
atomic spin, the pendulum would obtain a non-zero torque. The experiment sets the
best limit on Lorentz violation in the electron sector at the level of 1072 GeV.

There are a number of astrophysical observations which significantly bound var-
ious Lorentz violating parameters. The most noticeable effect which strongly con-
strains the LV parameter n [30] follows directly from the dispersion relations in
Eq. (1.1). Particles with modified dispersion relations can have a maximum achievable
cut-off frequency of synchrotron emission [30], or they can emit Cerenkov radiation
in vacuum. For the former effect, the observations of synchrotron emission of a high
frequency coming from Crab Nebula constrain the parameter n > —10~7 from be-
low [30], assuming M to be the Planck scale. For the latter effect, it results in energy
loss by energetic particles. Indeed, the dispersion relations (1.1) allow the processes
p — pYyy, p — Dv, etc for the protons in the cosmic rays. If these reactions were open,
the cosmic rays would not have been observed. From mere existence of ultra-high en-
ergy (E ~ 10%° eV) cosmic rays one can put the most stringent constraints [31]:
n < 10715,

The third class of phenomena has to do with polarizational effects of photon
radiation over cosmological distances due to the modification of dispersion relations

[32]. For the photon, the corrections to the dispersion relations resulting from LV
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operators of dimension five are predicted to be of the opposite sign for left- and right-

circularly polarized photons:

— P+ .., (1.6)

where £ is a new parameter. This modification causes different polarizations of waves
to propagate with different velocities, inducing rotation of the polarization plane of the
radiation, i.e. vacuum birefrigence. For a source located over a cosmological distance,
this might create quite a noticeable rotation of the polarization plane. The same
photon dispersion relations also lead to dependence of the speed of light propagation
on its wavelength, detectably smearing a signal from a distant object. The work [33]
uses data on polarization of radiation from distant galaxies to place a limit of 10=°

on the parameter &.

Looking towards the future, the existing experiments are improving. It is ex-
pected that the accuracy of the torsion pendulum and clock comparison experiments
can be increased by several orders of magnitude. A new experimental technique is
prepared at Princeton University, which allows for the most precise measurements of
a magnetic field with the use of a self-compensated atomic comagnetometer, and can
also be deployed for the search of LV [34]. Space-based experiments can also bring

further advancement of tests of Lorentz violation [35, 36].
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1.1 Overview of Research

We have given an introduction to the concepts of Lorentz violation and described
a few models exploiting the Effective Field Theory approach to LV. This method
still leaves a number of questions which immediately follow from these models, but
have not been considered in the literature. In the rest of this manuscript we apply
the EF'T method to the problems which we found important and compelling in the
course of this PhD research. In this section we briefly outline the essence of each of
the problems.

Lorentz violation in the Standard Model. At present, within the Standard Model,

LV operators of dimension three and four have been thoroughly studied and con-
strained. At the level of higher-dimensional operators, a complete generic Effective
Field Theory description of Lorentz violation in the Standard Model, together with
its predictions for observations, is desired, as only some particular subsectors of the
Standard Model have been studied in the literature. We address this issue in Chapter
2, where we classify all LV interactions of mass dimension five and provide basic anal-
ysis on phenomenological properties of these operators, giving plausible experimental
constraints on their magnitude.

Aside from the task of classification of the existing operators, there is also a
problem of dimensional transmutation in LV theories. Obviously, higher dimensional

operators can induce lower dimensional ones via loop effects. This poses a severe nat-
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uralness problem for these higher dimensional operators, for the lower dimensional
interactions are virtually excluded by experiment. This problem is very acute in the
EFT approach to LV in the Standard Model, since among the numerous LV inter-
actions in such a model, some will inevitably be found that mix with the operators
of mass dimension three, for example. The existence of dimension three operators
would mean the breakdown of the EFT. There is no general or universal solution
to this problem. A useful approach, however, is to enforce conservation of certain
symmetries, at least at loop order, such as 7T-invariance or supersymmetry. A par-
ticularly feasible approach is the facilitation of Lorentz-irreducible tensor structures,
which significantly reduces and restricts the set of dangerous LV interactions. Within
this approach, as we will see, the dangerous interactions take a very specific form.
Effective Field Theory therefore imposes certain restrictions on the fundamental LV
theory with respect to these operators.

Electric Dipole Moments as LV Interactions. A somewhat deeper insight in the

phenomenology of the LV extension of the Standard Model can be given by studying
those sectors of this model that predict sharp observational signatures. Of particular
importance are those LV interactions which induce Electric Dipole Moments (EDMs)
of fundamental particles, nuclei and atoms. The search for permanent EDMs has
fundamental value for the consistency of the Standard Model of interactions. There-

fore, if a non-zero Electric Dipole Moment is observed at some time, one would need
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to be able to correctly interpret such results. A hypothetically observed EDM would
then be a composite of two sources: a conventional C'P-odd term and a LV CPT-odd
contribution. While an observation of an EDM would always signify a departure from
the Standard Model, one has to be able to discern between these two contributions
to make statements in favour of conventional EDM or LV EDM models. In Chap-
ter 3 we investigate the particular sector of the LV Standard Model which introduces
CPT-odd contributions to EDMs and examine feasible techniques of distinguishing
such contributions in experiment. We show that a combination of EDM measure-
ments performed on different systems (neutron, deutron, heavy atoms) would allow
to determine the true origin of the effect, C PT-odd or C PT-even.

Lorentz violation in Supersymmetric Theories. It has recently been shown [24]

that supersymmetry may serve as a very powerful selection rule in LV theories, capable
of solving the naturalness problem. Lorentz violation compatible with supersymmetry
starts with operators of dimension five. Supersymmetry greatly restricts the number
of allowed LV interactions and brings them to a very specific form. In Chapter 4 we
study dimension five and six LV operators in the theory of Supersymmetric Quantum
Electrodynamics, analyze their properties at the quantum level, and describe the
observational consequences of Lorentz violation in this theory. In addition, we will
see that LV interactions do not produce destabilizing quantum effects such as D-term

anomalies and gauge anomalies. We will pursue the long standing problem of the
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possible emergence of a Chern-Simons term, and a definite answer will be given that
the these term cannot appear in supersymmetric theories at the quantum level, even
when supersymmetry is softly broken. With all these properties taken into account,
the problem turns into a correct effective theory.

CPT-odd equilibrium baryogenesis. One of the most favorable motivations for

studying Lorentz violation is the possibility of C'PT-odd equilibrium baryogenesis.
The idea that the Baryon Asymmetry of the Universe (BAU) can be generated in
thermodynamic equilibrium by C'PT-odd interactions has already been partially ex-
plored [37], [38]. Furthermore, in recent years, there has been considerable progress in
understanding baryon- and lepton-number violating processes in the Early Universe
induced by sphalerons. In models involving heavy right-handed neutrinos, additional
information comes from measurements of neutrino oscillations. However, there is
no convincing theory of C'PT-odd baryogenesis which can link the size of higher-
dimensional LV operators to the observed baryon asymmetry.

In Chapter 5 we construct a Leptogenesis scenario where the Universe first de-
velops a lepton number asymmetry via a combination of C'PT-odd interactions and
dimension five operators that induce the majorana mass for neutrinos. The asymme-
try then propagates into the baryonic sector via sphaleron transitions. This type of
scenario is superior to the direct C'PT-baryogenesis, since the initial asymmetry is

seeded at significantly higher temperatures. We will determine the strength of C'PT-
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odd interactions capable of producing the observed value of BAU and compare it with
the observational tests of Lorentz invariance. As we will see, the combination of low-
energy constraints and astrophysical data will strongly disfavor the obtained range of
Lorentz violation. We will discuss whether (and with what certainty) one can make
a statement that the whole series of relevant C' PT-odd Leptogenesis mechanisms are

overconstrained by these estimates.



Chapter 2

Dimension 5 Operators in the

Standard Model

In this chapter we give a complete account of LV operators of dimension five in
Quantum Electrodynamics and in the Standard Model. As a basis for our construction
we use the approach taken in [23], which defines the meaning of true LV operators
in EFT. We, however, try to make our LV theory as generic as possible and allow
Lorentz-violating operators to take any tensor form. It is easy to see then that a theory
with LV interactions of mass dimension five admits a more diverse set of operators
(and as a consequence more LV backgrounds C**) than one has at dimension three
and four levels. Since there is a significant freedom in the choice of LV spurions, we

take the approach that each of them represents an irreducible Lorentz tensor structure,

23



24

which significantly facilitates the analysis of loop effects, and often protects dimension
five operators from transmuting into lower dimensions when the quantum effects are
taken into account. The most convenient way to achieve this is to apply the Young
tableaux method. Thus, we augment the requirements specified in [23] by demanding
that LV spurions be irreducible tensors under the Lorentz group transformations. In

total, these conditions look as follows: an LV operator of specific dimension must be

e gauge invariant

e Lorentz invariant, after contraction with a background tensor

e not reducible to lower dimension operators by the equations of motion (EOM)

e not reducible to a total derivative

e coupled to an irreducible background tensor.

One can show that operators built in this manner can be subdivided into three
main groups. The first group includes the “unprotected operators”, i.e. those which
can generate lower-dimensional interactions by developing quadratic divergencies.
Such operators are dangerous, and as a rule, severely constrained by strong limits
on lower dimensional operators multiplied by the square of the UV scale. The second
group is the UV-enhanced operators, which induce modifications of the dispersion

relations that grow with a particle’s energy. These operators induce new testable LV
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signatures in laboratory experiments and in astrophysics, and are severely constrained
by both. The last group is formed by “soft LV interactions” which are protected from
developing quadratic divergencies at loop level and do not significantly modify the
propagation of energetic particles in the UV. Typically, such operators are constrained
by the laboratory searches of spatial anisotropy.

We start with building an LV extension of the theory of Quantum Electrodynam-
ics (QED). The latter is one of the most popular testing grounds for LV [23,30,32,39]
and many generic features of an LV extension of a theory can be captured already at
the level of QED. Furthermore, the detailed study of LV QED facilitates a smooth

transition to the Standard Model, to which we proceed immediately after.

2.1 Dimension V Operators in QED

In essence, we build a generalization of Myers-Pospelov electrodynamics introduced
in [23]. The Lagrangian of QED was modified by adding a number of LV operators
which were generated by an absolutely symmetric 3-rank irreducible tensor back-
ground. Originally, the choice of symmetric tensors was motivated by the fact that
LV operators can modify the dispersion relations, and also that they do not induce
dangerous quadratic divergencies. Our intention is to classify all dimension five oper-
ators in Quantum Electrodynamics, and thus the list of the external LV tensors will

necessarily be expanded. Generic operators will produce new non-minimal interac-
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tions between the electron and the photon. The LV extension of the photon sector of
QED appears to be the most simple, whereas the matter sector shows a rich structure

of LV terms.

2.1.1 Purely Gauge Operators in QED

Dimension five LV interactions can admit LV backgrounds up to rank five. Higher
ranks can appear only in combination with operators of dimension six or higher. In
this particular sector, the method of Young tableaux is inferior to the method of
simple enumeration: there are 26 numbered Young tableaux to consider, which in
fact lead to only one LV operator.

It can be shown that a generic content of a gauge invariant tensor has to be
bilinear in the field strength F),, and contain one extra derivative, which must be a
covariant derivative in the case of a non-abelian field.

The only non-vanishing terms that satisfy these properties are

E,0"F* . F,0'F7 F,8,F” and  FP9F» . (2.1)

It can be easily seen that the first two terms are reducible on the equations of motion,

and, in accord with our requirements should be ignored. Amongst the two structures

left, F\0,F ' and F*9*F?, the first has been studied in [23] and shown to modify
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the dispersion relations of the photon. It was shown in particular that this operator

has to be contracted with an irreducible absolutely symmetric tensor,

CHP Fad,F,>, ChP=0. (2:2)

Conditions of absolute symmetry and irreducibility of the tensor C**? follow from
the requirement of independence of this operator of the lower-rank operators of (2.1),
which is also a way of protection against the mixing with such operators at the loop
level.

The last structure in (2.1), the five-index object F¥9*F*? upon a naive sub-
stitution into the equations of motion, seems to modify the dispersion relations in a
manner similar to (2.2). However, that would be a misleading conclusion. As in the
case of the 3-rd rank operator just discussed, one needs to separate it from all lower-
rank interactions. In other words, one needs to subtract all possible g*¥ and e***?
traces of this term, and then substitute it into the equations of motion. It turns out

that this operator is completely expressible in terms of its e#*??-trace, which coincides
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with the operator C*7:

Fw/a)\Fpo =

1 ~ 1 ~
5 €uvpy FCX(?AFCU + 5 €uvoy FCX(?AFCP +

1 ~ 1 ~
+ = €ponx FX0,F,, — = €povx FXQ\F, —

1 ~ 1 -
- Eeu,\pXFCX(?,,FCU + EGVAPXFCX(?HFCG +

1 ~ 1 -
+ Eeu,\,,XFCX&,FCp - EGVA,,XFCXGMFQ,.

This relation shows that it is not possible to bring the rank five operator to an
irreducible form, and consequently there is no dimension 5 LV interaction contracted
with an irreducible rank five tensor. We conclude that the only possible LV operator

in QED is C*?. All these arguments straightforwardly extend to a non-abelian gauge

field.

2.1.2 Matter Sector of QED

In contrast to what we have seen in the gauge sector, the LV terms in the matter sector
of QED have much wider variety. The reason for that is because the operators can
be formed both by using covariant derivatives D, and by inserting gamma matrices.

In order to make the enumeration of operators more systematic, we use Young

tableaux (see Appendix B). Omitting the details, we show the result for the LV
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operators in the matter sector,

matter __
QED —

[ O Fngt] + [y Y FaT]
+ YV Eat + &0y EayT
+ M FEuT + f)Y i Fuyy
+ B DDyt + by -9 DD,y YT
+ Oy, DuDpyp~ + CY7 -y’ DDyt (2.3)
+ DYy Fpvt + DY)y, Fpyy
+ B 90, DD+ EY-YonaFhutt + BY-doupFadt

+ Eiu/p)\_w (Uu)[qu]D()\ — O-VKND’\)D[/) + QO_UpD(uD)\)) ,(/)_ .

Here we used the (square) round brackets to denote the (anti)symmetrization in
the corresponding indices. The + and — superscripts in this formula refer to the
parity of the corresponding LV term under charge conjugation. We stress again that
all structures shown here assume their coefficients to be irreducible tensors of the
corresponding rank. Square brackets over the first two operators, ¢/ and ¢y, indicate
that these two terms vanish upon the use of EOM, but we list them because they
become nontrivial in the non-abelian case.

We would like to make a side note on the symmetrizations in the interactions
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in (2.3) and in subsequent formulae. We take the field operators to have certain
symmetries (dictated by the corresponding Young tableaux), while their Wilson
coefficients are taken to be just traceless tensors. Equivalently, one could have
cast all symmetrizations onto the Wilson coefficients, e.g. E{** ’\EUN)VD(,,’DAw —
EMVoNy 0, D,Dxh, or just imply F1?* to obey the corresponding symmetries: EX*.
EJWDp’D,\l/). We emphasize that this is only a matter of notation, and choose to ex-
pose the symmetry properties of tensors via explicit symmetrizations on the Lorentz

indices of the field operators.

2.1.3 1-loop RG coefficients

If the violation of Lorentz invariance is a true UV phenomenon, one has to evolve
the operators down to the IR scale, where the majority of tests are performed. For
this purpose, we study the renormalization group (RG) equations for operators (2.2)
and (2.3). The RG running brings about the change in the magnitude of Wilson
coefficients and mixing of different operators.

Due to a rather large number of LV operators, one might expect that this mixings
can be rather complicated. They are simplified, however, by two reasons, namely the
discrete symmetries and irreducibility of the Lorentz tensors, which reduce this mixing
to a minimum. The charge conjugation symmetry, which is an exact symmetry in

QED, prevents the mixing of C'-odd and C-even operators. The irreducibility of the
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background tensors dictates that any tensor of higher rank will not mix with a tensor
of a lower rank. Thus, only operators of the same rank can admix to each other.

A brief examination of (2.3) reveals that ¢} cannot mix with ¢ due to C-parity.
Similarly, f1’y cannot mix with A4, but they can mix within each other. At the level
of rank three tensors, the photon operator (2.2) is even under charge conjugation,
and therefore it can mix only with the C4*” operator.

As we have admitted generic tensor structures to the theory we need to ensure
that the latter is free of quadratic divergencies. It is obvious that quadratically di-
vergent operators must necessarily couple to a vector background, as there are no
dimension three structures which would be simultaneously C PT-odd and contracted
with a tensor background. In our list (2.3), only the ¢} term generates quadrati-
cally divergent corrections to LV dimension three operators. The result of explicit

computation gives the following set of RG equations:
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d formall 1362 d 62
Rl "’ mally ~ Rl R -
dt ! 9672 L at? T 3.2
d . [ L Ter o, d . € .
arlte T T ogz 12 + 1—487r2 2,1 g2 T g2 M2

2 2 2
icw _ 25e” uwp icwfp _ 25¢" e €
dt ! 4872 1 dt 2 4872 2 4872

2 2
d CHve — ¢ HYp e_ClWP
dt 4872 2 672

2 2
ﬁ wp _ _ € puer ﬁ Dhe _ oe pvp
dt* 1672 1 dt 2 4872 2
d 13e? d e?
= greve Kuvp = grwe & pruvp
dt ! 2472 1 dt® 3r2 3
d e? d e?
& grave _ EHve & g © peuve
dt 2 1272 2 dt* 8r2 ¢

Here t = log i1, and we have introduced N’f’; = 26¢"P(f12) 0. As anticipated, most

operators renormalize independently. It is also clear that one can easily form the linear

combinations of LV interactions that are eigenvectors of one-loop RG equations.

2.2 Classification of Operators of Dimension V in

the Standard Model

In the Standard Model, the set of LV operators is more complicated, due to the wider
gauge group. Since the LV physics in our approach is associated with the UV scale,

the LV operators must respect all the symmetries which are present at that scale.
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Although the UV physics and its symmetries are not known, it is quite natural to
require that LV interactions be invariant under SU¢(3) ® SUL(2) ® U(1). Clearly the
existence of families causes coefficients of all LV interactions in the matter sector (2.3)
to be matrices in the flavor space [40]. Furthermore, the presence of the Higgs sector
creates new possibilities for LV interactions. However, there is one simplification
arising from intrinsic chirality of SM spinors, which together with gauge invariance
would essentially prohibit all E*#*? operators at dimension five level. In the rest of

this section, we present our results for LV operators in different sectors of the SM.

2.2.1 Operators in the Gauge Sector of the Standard Model

As in the QED case, the gauge sector is the simplest since we already know that the
only possible LV gauge structure is (2.2). Thus we replicate this structure for the
three gauge groups of the SM:

LENE = CHY0-Fin 0, F,> + CL? o -t Win D, W,» + CLP o trGnD, G, (2.4)

2.2.2 Matter Sector of the Standard Model

Although the matter sector of the Standard Model is more diverse than that of QED,
the number of “types” of operators is smaller. Due to chirality of both leptons and

quarks, the structures with an even number of y-matrices in (2.3) are not SUp,(2)-
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gauge invariant. That greatly simplifies the structure of the LV Lagrangian, as one
can only have operators with an odd number of gamma matrices. In the resulting
Lagrangian we have to abandon the C-parity eigenstates, (2.3) and list operators
using V' — A and V 4+ A combinations of Dirac matrices.

Since in QED

'D[N'D,,] = ieFu,, s (25)

the first two terms in (2.3) actually vanish on the equations of motion. However, with
the exception of right-handed leptons, the covariant derivatives for SM field contain

different gauge potentials. For example, for quarks one has

D[uDu] = ZYgI F,uu + igWuu + ig3 Guu 3 (26)

where Y is the hypercharge of the quark. The use of equations of motion allows one
of the operators QY F,nQ , QV"WnQ or Qv G,,Q to be expressed in terms of

the other two, but one cannot eliminate such operators completely. Taking this into
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account, in the quark sector one obtains the following LV interactions:

o =
o1 Q7 FnQ + s QYW@ +
+ - uayFau + di-dyFad +
+ B QVFAQ + Py @V WnQ + Ty Q7GnQ + (2.7)
+ Eﬁ,l-ﬂfy’\ﬁu)\u + 65,3'57)‘5;»\“ +
+ & AV Ead + &y dyGaad +
+ C’g””-ny(“DUDP)Q + O -uvuD,Dyu + ngp'a’y(upvpp)d +
+ DT QvuFon @ + DRE-QyvuWowQ + D% QyuGpyQ +

+ Dujjp'EV(qu)vu + Dﬁgp'UV(qu)vu +

+ Dgﬁp ~dyuFpd + Dfi,?f’ dYuGppd .

Here all coefficients are assumed to be Hermitian matrices in the flavor space, e.g.

06,1 : QVAFNAQ = (Cléal)ik . @z /Y/\Fu)\ Qk .

Similarly, LV interactions in the lepton sector of the Standard Model take the
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form:

o
g LY FnL + Eﬁ,fz’)’)\ﬁukl’ + 515,2'Z’VAWML+
+ &0 Fat + &G Fate +
+ Cp”-LyuD,DyL + C -9, 7,DDpty + CL - 9%e1uDDpte +
+ Dif - Lywkp, L + Di3-LyWon L + (2.8)

+ Dlpjwp : Eu V(MFp)u 1/}1/ + Déwp ' Ee f}/(qu)l/ T/Je .

Here we have included the terms with the hypothetical right-handed neutrinos for the
sake of completeness. As one can see, the absence of strong interactions for leptons

makes (2.8) more compact compared to (2.7).

2.2.3 Higgs sector

The scalar sector of the SM in its minimal form contains one electroweak (EW)
doublet, which also admits LV extensions. All LV operators with the use of the Higgs

field can be further subdivided into two groups. The first are interactions built of the
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Higgs field and derivatives:

Elsili\%gs—gauge —
*-iH'H -H'D,H + k" -iH'D,D,DyH +
+ m{ - i H'F,\D*H + mb-iH'W,D*H + hec + (2.9)
+ m iH'FE,D'H + wl-iH'W,D'H +

+ 0 i H'F,,DyH + nb"”-iHW,,DyH + h.c.

The second group contains all possible LV extensions of interaction of Higgs field
and fermions. This group is somewhat larger and includes higher-rank structures.

The following are the operators involving quarks:

Lof™™™ = hoq QHy H'Q +
+ Pog @uQ-H'H + ph,-uyu HH + ph-dyd -HH
+ o) QdADH + ¢ QuDueH* + he. (2.10)
+ ¢o) - Qo™dD,H + ¢4 Qo™uDyeH + hec.

+ TS;NUp'@D(NUu)pd-H + rg;“”p-Qa,,)pd Dy,H + hec

+ rgi“"p-@D(uau)pu-eH* —+ rgzbﬂyp-@a,,)pu DyeH* + hec.

where e is the charge conjugate of the Higgs field. One also has the similar set of
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operators for interaction of the Higgs with leptons:

Lgli%gs—lepton — th.foYHHTL + plzL.ffY“L.HTH + p'ée'é’me'HTH
+ ¢ TeD,H + ¢ -LTo™eD,H + he. (2.11)

b DD gone H 4 1 Toge Dyl + he

€

+ ¢ (H'L) 0, (H'L) + hc

The last term in the Higgs-lepton sector, which couples to the matrix ¢*¥, which is
antisymmetric in the flavor space, is unusual. It is special in the sense that it does
not have analogues in other sectors, or in lower dimensions, as it violates the lepton
number by two units.

This completes the list of the dimension V Lorentz-violating operators in the Stan-
dard Model. The set of operators in the Standard Model appears to be much wider
than that in QED due to the diversity of fields and interactions. Loop corrections are
expected to intermix the operators in an even more complicated way. Clearly, there
are many operators that give rise to dimension 3 LV interactions with quadratically
divergent coefficients. Although, as indicated earlier, studying renormalization of in-
teractions is beneficial for refining constraints on LV, we are not setting the goal to
derive all one-loop RG equations similarly to what we have done in QED.

On the other hand, of particular interest are the rank three absolutely symmetric
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operators C%”” and x*“? that modify the dispersion relations for the SM particles.
For these operators, we calculate the one-loop RG equations and present the results

in Appendix A.

2.3 Overview of LV Phenomenology at Dimension

V level

We now discuss typical limits on sensitivity to LV dimension 5 operators, which can
be inferred from experimental tests of Lorentz symmetry in laboratory, astrophysical
observations and data on neutrino oscillations. Given the abundance of non-minimal
interactions we have derived in the last section, it would be useful to separate them
in several classes and deduce a typical experimental sensitivity within each class.
Many of the constraints result from laboratory experiments or astrophysical ob-
servations at energies much lower than the weak scale. The Higgs boson, W and Z
bosons and heavy SM fermions do not propagate at these energies and can be in-
tegrated out. Such integration at tree level provides new operators of higher mass
dimensions which we are not considering here. One should keep in mind, however,
that loop effects admix LV operators with heavy particles to the light quark and
lepton LV operators of the same dimension. Such (typically one-loop) corrections

include the logarithmic mixing under the RG running, as well as the finite threshold
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corrections. Therefore, the bounds discussed below contain an intrinsic sensitivity to
LV interactions involving Higgs and weak bosons.

For most phenomenological applications it is useful to rewrite the LV Lagrangian
at the normalization scale of around 1 GeV, the borderline of applicability for the
quark-gluon description. At this scale it is useful to abandon chiral fermions and
combine the left- and right-handed fields into full Dirac spinors as well as split the
SUL(2) doublets.

For practical reasons, one can also pass to the mass basis of the flavor matrices,

as it facilitates the decoupling of heavy quarks:

1
t J = = t t u
Cgr Cy — C e sw = D (Wucﬁwu + chQUu]
1
b = H ol T
= Gl T g (Wu W, — chQUu] (2.12)
ur, — Ugug, urp — Wyug, dy — Ugdg, dn — Wydg .

For consistency of the effective theory, we need to ensure that the operators
that we have introduced do not transmute into lower dimensions, and thereby do
not develop quadratic divergencies. We can formulate certain criteria to ensure that

operators cannot induce lower dimensional interactions:

e Tensor structure. Since in the Standard Model there are no C PT-odd dimension
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three operators of rank higher than one, any LV structure that is coupled to
an irreducible tensor (which is not a vector) is unconditionally protected from

developing quadratic divergencies.

e Supersymmetry. In the supersymmetric Standard Model, dimension three LV
operators do not exist at all. Therefore, as long as the theory is considered
above the supersymmetry breaking scale, those operators which fall into super-
multiplets of the LV Minimal Supersymmetric Standard Model (MSSM), are
protected (see Chapter 4). By cancellation of loop contributions due to super-
partners, the quadratic divergencies turn into logarithmic ones if supersymmetry

is exact. It turns out that there is only one such type of operators

Lsusy = EgUSY,Q'(YQQ'@’YAﬁu,\Q + gQYWiLQ + 9367,\@“/\@)

+ o, (213)

(here, Y refers to the hypercharge of the left quark doublet) which, in the case
of quarks, must form a certain linear combination to be part of a supermulti-
plet. Linear combinations orthogonal to the one above are not supersymmetric,
and therefore not protected. When the supersymmetry is broken, the above
operators are allowed to induce quadratic divergencies, which will be stabilized

at the supersymmetry breaking scale.
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e T-invariance. Since in the Standard Model one needs multiple loops to flip the
T-parity of flavor-diagonal interactions, one can conclude that the operators
which do not have dimension three counterpartners with the same 7T-parity, are

protected.

e Lepton-number violation. There are no dimension three LV operators compat-
ible with the Standard Model which would violate lepton number. We know
that there is only one AL = 2 operator of dimension five — ¢**, which therefore

is protected against developing quadratic divergencies.

The operators for which the above criteria do not apply have no reason to be
protected, and therefore will intermix with lower-dimensional interactions in a UV-
sensitive way. We call such operators “unprotected”. Such interactions are dangerous
and we will exclude them from our low energy effective theory. Using T-parity, it is
easy to show that the dangerous operators in the quark and lepton sectors (Eqs. (2.7)

and (2.8)) are the ones coupled to the dual field strengths

‘Cgi\‘/l[gt = %,1'@7)\17#)\@ + Elé,g'Q’YAGuAQ +
+ &gV Fng + Z5-77'Ging

+ & LY EaL + @y Fae + LS, (2.14)

where we have abbreviated ¢ = u,d. In the Higgs sector, the following operators in
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Egs. (2.9)-(2.11) are unprotected from transmuting into lower dimensional terms:

L = v HH-H'D,H + Wi H'F,\DYH + b i H WD H +
+ hby - QHv,H'Q + hY -LHy,H'L + (2.15)
+ Pho @@ -H'H + pli,-uyu-HH + pl-dyd-HH +
+ pin-LyL-H'H + p-eye -HH +

+ qgc)lll . @U“lld DVH + qgil/ . @Uul/u DVGH* + qéi)l/ . Eo_ul/e DVH +

+ h.c.

Using the quadratic divergence of the loop corrections generated by operators
(2.14), one can estimate the strength of the naturalness constraints resulting from

experimental limits on dimension 3 LV terms [31]:

t#| = (loop factor) A%|¢*| < 10°% GeV . (2.16)

Even in the very conservative assumption about the UV cutoff, e.g. A = Ayeax,
this limit would make futile any efforts of detecting interactions (2.14) directly. We
again note that even though certain linear combinations (2.13) might be protected by
supersymmetry, below the supersymmetry breaking scale they are unprotected and

therefore subject to constraints (2.16).
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From this moment, we concentrate only on UV-safe operators and list the follow-

ing effective interactions in the quark sector at the scale of 1 GeV:

LA v = a7V Fiag + s a7V Fug
+ C¥P-9vu,D,Dyq + Crs qv,D Dy’ q
+ DM gyuFoywg + D qv(qu),,f’q (2.17)

q

+ Dg‘;ﬂ "4 (u GP)Vq + Dqg5 q/Y( Gp)u’yf)q )
and similarly in the lepton sector:

LT ey = O 9y DDy + CI -4, DDpy 9

+ D"y Fpd + Db ywFn

Passing to the gauge sector, we refer to Eq. (2.4). At low energies the LV La-

grangian in the gauge sector takes the form

LEE oy = CBE-Fnd, F> + CiP - trGunD, G, . (2.18)

Here, the electromagnetic operator Cf;f emerges as a linear combination of the LV
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tensors from the U(1) and SUy(2) sectors:

C]IEM/MP = II;I(IIP) COS2 0W + ngp@) Sin2 0W .
Mw Mw L Mw

In the Higgs sector, in Eqs. (2.9)-(2.11) many “protected” terms involve a space-
time derivative acting on the Higgs field. Below the EW scale, where the Higgs does

not propagate, such terms do not contribute. One is left with the following low-energy

interactions:
Higgs—induced v Vo — v v —
ESN%gi GreVuce = E Tf; . qD(NJV)Pq + E quz = dj D(,uo-u)pw + h.c.
v? T
+ 5{,5“’ -viou,v + hco, (2.19)

where ¢ = u,d and ¥ = e,v. The last operator in Eq. (2.19) violates the lepton
number by two, and in the low-energy theory can only exist for neutrinos.

The interactions in (2.17)-(2.18) can be divided into two groups. The first group is
formed by the operators which modify dispersion relations and grow with energy [23],
which we call the UV-enhanced operators. The second group, correspondingly, hosts
all other structures, which we designate as “soft” LV interactions (see Table 2.1). We
now outline the main sources of constraints applicable to these groups of low-energy

LV interactions.
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Table 2.1: Typical constraints for dimension five operators

Operators Typical constraints Source of constraints

Unprotected operators

O TR TR TR TR —31 -1 . .
Co,1 €3 Cq1 Cqs Cri1 Cyp <L 107" GeV constraints on dim 3
operators

Operators growing with energy (UV-enhanced operators)

Clve CHP O Oy Oty S 1073731 GeV'! high  energy  cosmic

rays

Soft LV interactions

o wyp urp uvp . uvp < —28-30 -1 : _
Cos Dgs Dhg? DY¥P r <10 GeV nuclear spin preces

sion
chs DY DS s DL <1072 ecm atomic and nuclear
EDMs
AL = 2 interaction
Sl < 10722 GeV'!  data on neutrino oscil-
lations

Ultra-high energy cosmic rays. The existence of high-energy cosmic rays of ener-

gies Eqe ~ 101 GeV puts stringent bounds on UV-enhanced operators in certain

sectors of the Standard Model, depending on the relative magnitude of LV sources in

these sectors [31]. Renormalization group equations (see Appendix A) then spread

these limits on the other sectors. The UV-enhanced operators modify the dispersion

relations of the particles, and this would allow the nucleons in the cosmic rays to emit

photons or light leptons, and therefore efficiently lose all their energy before reaching

the Earth. The fact of observation of high-energy cosmic rays sets typical constraints

on UV-enhanced LV of the order of 1073*73* GeV~!. It would be fair to say that not
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all “corners” of the parameter space of UV-enhanced operators are covered by these
limits. For example, sufficiently strong LV in the up quark sector would allow protons
in the cosmic rays to decay into A™* which could become stable at high energies [31].

Precision experiments. Astrophysical constraints are not applicable to soft LV
interactions, since the latter do not modify propagation of particles. For this type
of interactions the bounds from low-energy precision experiments are in order. The
strongest limits occur when an operator induces the interaction of nuclear spin with
the nuclear electric or chromomagnetic field. One finds that the operators Di*?, D"?

and r"?, when averaged over the nucleus give an effective interaction

Leg X Na(ua,,)pN,

multiplied by a coefficient ~ Aqgcp which can be estimated by a naive dimensional
counting of the nucleon matrix element [41]. For a non-relativistic nucleus this induces
the interaction of the nuclear spin with the external preferred directions. Known
limits [25] on interaction of nuclear spin with external directions allow one to estimate

typical constraints on operators

IDY%|,IDEE] < 1070 GeVT, 0] < 1073 GeV !,

The limits on the interactions D47, D}'S” and ¢ are less strong by a factor of o
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due to the suppression of the nuclear electric field relative to the chromomagnetic
field strength. In constraining the leptonic operators D"’ and r#“? one loses the
advantage of using the strong internal nuclear fields, and the corresponding bounds

are weakened by the ratio of the characteristic atomic energy scale to the nuclear

energy scale put/Ppua ~ am./ Aqep.

Hvp - pHvp

Electric dipole moments. The operators Dy 5", Dy,

and Dy, written in terms
of low-energy effective Hamiltonian possess the signature of Electric Dipole Moment
interactions. Averaged over the nucleus, the first two induce nuclear EDMs, for

which the existing limits can be used to constrain the amount of Lorentz violation

(see Chapter 3 for details):

Y5l [DE] < 107 GeVo'.

The electron operator Dl’f =" applied to paramagnetic atoms induces the electric dipole
moment of the atom, and this way a bound of the similar strength is obtained.

Neutrino phenomenology. The operator ¢#* - vT

oV is capable of changing the
patterns of neutrino oscillations. Constraints from reactor and atmospheric neutrino

oscillation data can be used [42] to limit various flavor components of ¢4”. In the best

case scenario, the sensitivity of the neutrino oscillation experiments could provide the
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limits at the level of

| < 107% to 107 GeV ™! .

~Y

We comment that the constraints on LV operators displayed in this section do
not generically restrict all the components of corresponding LV tensors. However,
a customary argument applies, that the “unobservable” parts of the tensors could
induce detectable effects due to the Lorentz boost caused by the motion of the Earth
relative to the Galaxy, and so cannot exceed the observable components by more than

0(10%).

2.4 Discussion

In this chapter we have presented a systematic Lorentz-violating extension of Quan-
tum Electrodynamics and the Standard Model with all possible dimension five op-
erators. Quantum Electrodynamics is the simplest phenomenological example to
consider. At the level of mass dimension five, QED admits a plethora of LV inter-
actions, parametrized by background vectors and tensors, most of which are concen-
trated in the matter sector. We found the one-loop logarithmic renormalization group
equations for the QED LV operators, and identified one operator that has quadratic
sensitivity to the UV-cutoff.

Extending QED to the full Standard Model, we listed all possible LV interactions
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satisfying the criteria of the effective field theory given in the beginning of this chapter.
Certainly, the wider gauge group and the diversity of field content lead to a sufficiently
broader set of LV structures than in QED, although the gauge sector remains very
simple. However, one quickly runs into the problem of dimensional transmutation
into dimension three operators via quadratic divergencies, which can easily invalidate
the distinction between operators of different dimensions. One therefore is naturally
lead to an additional requirement of the absence of uncontrollable divergencies in
a consistent effective theory. We identify broad classes of LV operators that are
protected against dimensional transmutations by a variety of different mechanisms.
These mechanisms include the protection by the irreducibility of the LV spurion tensor
structures, supersymmetry, 7-invariance, and the lepton number conservation.

The protected operators of the effective low-energy theory can be divided into
several qualitatively different groups. The first group of interactions directly affects
the propagation of particles by introducing a frequency-dependent effective refraction
index for the vacuum. We call such operators UV-enhanced, since they introduce
corrections to the dispersion relations which grow with the energy. The bounds on
UV-enhanced operators are well-known to be of the order 10733 to 1073* GeV ™! and
come from astrophysical observations. Although these bounds are well studied, we
calculate the renormalization group equations that govern the logarithmic evolution

of these operators over the energy scales, which can be helpful in strengthening the
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bounds on operators involving heavy fields.

All the other protected operators present in our effective theory do not grow
with energies of propagating particles, and we call them soft LV interactions. In
general strong astrophysical constraints are not applicable to such operators. Limits
of the order 10728 to 1073% GeV ™! on several classes of such operators can be deduced
from clock comparison types of laboratory experiments, and are still sufficiently tight.
Among less constrained type of operators are those that violate lepton number by
two units, and 7-odd operators that are limited only by the electric dipole moment
constraints.

The strength of the analysis performed in this project is in its generality. Indeed,
if one day a theory of quantum gravity or any other UV-sensitive theory would reach
the stage of predicting the low-energy LV phenomenology, such predictions can be
readily compared with the set of operators derived in this study, and in addition can

be tested for consistency with respect to their UV behavior at the loop level.



Chapter 3

EDMs as Probes for CPT

Invariance

In Chapter 2 we have seen that the LV extension of the Standard Model admits
the existence of C'PT-odd interactions which possess the signature of the Electric
Dipole Moment. In this chapter, we discuss in detail how searches for permanent
Electric Dipole Moments can be used to put strong constraints on such interactions,
independent of other available tests.

Initially suggested as an accurate test of parity conservation in strong interactions
[43], the electric dipole moments of neutrons and heavy atoms provide an important

test of P and T symmetries [44-49]. A non-relativistic Hamiltonian for a neutral
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particle of spin S can be written as the combination of two terms,

S S
H=—B-2_4gE-2 .
H S

- (3.1)

Under the reflection of spatial coordinates, P(B-S) = B-S, whereas P(E-S) = —E-S.
Under time reflection, 7(B-S) = B-S and T(E-S) = —E-S. The presence of a non-
zero d would therefore signify the existence of both parity and time-reversal violation.
In a world with perfect C'PT symmetry, an EDM interaction must then be created by
a C'P-odd operator, the simplest form for which is Yo" F, w. When CPT invariance
is broken, one is allowed to include other operators which induce coupling of the
particle’s spin to the electric field.

If we take the simplest C'PT-odd operator inducing EDM, leaving aside the is-
sue of it possibly vanishing on-shell (see discussion below), the total electric dipole

moment Lagrangian corresponding to Hamiltonian (3.1) can be represented as

-
Lepm = 7dcpwo“”Fww + depr¥ 5V Fun” (3.2)

where dcp + dcpr = d. Here n* is a unit length background vector breaking Lorentz
(and thus C'PT) invariance. Thus, quite generically, the nil result for the neutron
EDM searches provides a constraint on the combination dcp + dcpr. Introducing an

axial four-vector of spin a* and four-velocity u*, we generalize (3.2) for a particle of
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arbitrary spin:

EEDM = FWa”(de Uu + dCPT n“). (33)

Allowing for more complicated backgrounds, we notice that the C PT-odd EDM-type
correlation may also result from interaction with irreducible tensor D#*?, symmetric in
vp: F,,a?DF? 3 fact that we already mentioned in Section 2.3. Now we analyze the
structure of the CPT-odd and C P-even effective Lagrangian of type (3.2), deduce its
consequences for the EDMs of neutrons and heavy atoms, and explore the possibility

of distinguishing dcp and dcpr in experiment, should the non-zero EDMs be found.

3.1 (CPT-odd, CP-even operators.

The operator dgpr in (3.2) is odd under each of C, P and T, and so does qualify as
an EDM interaction. Furthermore, we know that its low energy effective Hamiltonian
has the right form (3.1). In general, this structure can be written for any species of the
Standard Model, and F,, can be replaced with any appropriate gauge field strength.
It is convenient to classify all such operators at the scale of 1 GeV, where only
light quark fields, gluons, photons, electrons and muons are the remaining degrees
of freedom, while weak bosons and heavy quarks are already decoupled. Taking a

quark field 1, with the electric charge @,, and using the full equation of motion in
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the electromagnetic and strong backgrounds,

iD Y"1y = (10, — gst" A, — eQq AL )Y g = myiby, (3.4)

we deduce an identity that relates gluon and photon-containing operators for quarks

(c.f. discussion in Section 2.2.2)

&q(quFuV + gstaGZu)7V75¢q = _iqzq[Dw D" vs]1bq

= QmﬂZun%% = qu—]q[DVVVa 'Yu%]djq = 0. (3-5)

Here [,] is the commutator. Eq. (3.5) effectively reduces the number of independent
quark operators, and we choose to eliminate qust“GZV'y”%@bq by expressing it via
quQunyy”%z/zq. Remarkably, there is no C'PT-odd, C'P-even operators for Dirac
particles that have only electromagnetic interactions, such as muons and electrons,
because in this case Eq. (3.5) degenerates to an identity e F,,7" V51 = 0. It turns
out that the vanishing of this effective operator is well known in the standard C'P-
odd EDM computations. The correction to the electron Hamiltonian created by
operator ¥,Fy,7 V51, is proportional to the product of electric field and relativistic
spin operator X, EX. This product can be represented as a result of the commutator
of another operator with the full Dirac Hamiltonian, EX= (1/e)[XV, H]. Therefore,

the expectation value of EX over any eigenstate of H is zero [47,48], which is another
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way of stating that 1, Fy,7” Y51, vanishes on shell.
Taking these identities into account, we write down the effective 7', P, C' PT-odd
Lagrangian at 1 GeV scale in a remarkably simple form, that contains only three

terms:

Lopr = ) d'Gv " Faugi (3.6)

i=u,d,s
This is a rather compact form compared to a usual C'P-odd effective Lagrangian
where a few dozens of terms have to be taken into account [49].

An important difference between C'P-odd and C'PT-odd EDMs comes from the
SU(2) x U(1) properties of Eq. (3.6). C'P-odd effects require helicity flip and thus
correspond to dimension 6 operators above the electroweak scale, decoupling as 1/A%p
as the scale of C'P violation Acp gets larger. One can easily see that C PT-odd terms
(3.6) correspond to genuine dimension 5 operators such as qr(r)y Y’ Fruqr(r) and
gy MY TeF N4 and do not require chirality flip. Consequently, C'PT-odd physics
decouples only linearly, dcpr o AEFI,T. The combination of the present day limit on

the neutron EDM with the linear decoupling property furnishes sensitivity to the

scale of C'PT violation as large as

ACPT ~ (1011 — 1012) GeV. (37)

Future generation experiments could potentially probe C'PT-violating physics all the
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way to the Planck scale, being limited only by the prediction of the Kobayashi-

Maskawa (KM) model for the neutron EDM at the level of 107! — 10733ecm.

3.2 Signatures of CPT-odd EDMs

There are three main groups of observable EDMs, which include EDMs of neutrons,
diamagnetic atoms (Hg, Xe, etc.) and paramagnetic atoms (T, Cs, etc.). A rather
simple structure of the C' PT-odd effective Lagrangian helps to determine the depen-
dence of these observables on different d! in (3.6).

The QCD calculations of conventional C'P-odd EDMs [49] are very close to a
constituent quark model prediction, d, ~ %dd — %du, with the contribution of the
s-quark being zero. In the C'PT-odd case, we use matrix elements of the axial-vector
charges of light quarks inside a nucleon, which can be obtained from the nucleon spin

structure functions [50]. This way, to ~20% accuracy, we get

dp, ~ 0.8d5 — 0.4d> — 0.1d°. (3.8)

Using |d,| < 3 x 10 %%ecm [44-46] and barring significant cancellation between
the constituents, we conclude that C'PT-odd EDMs of light quarks are limited at
O(10~%ecm).

The measurements of EDMs of diamagnetic atoms are usually quite competi-
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tive with d,, due to color EDM contributions to the C'P-odd pion-nucleon coupling
constant g,yy [47-49]. As we already noted, interactions (3.6) preserve quark chi-
rality, and involve a photon field, thus leading to a strong suppression of ngN(dl;),
which makes the T-odd pion exchange ineffective. Consequently, the EDM of the
diamagnetic atoms are induced by the EDMs of the valence nucleons. For the most

important case of mercury EDM [51], we have

dug ~ —5 x 107*(d,, + 0.1d,)

~ —5 x 107*(0.74d5 — 0.32d° — 0.11d°), (3.9)

and an approximate relation dpg/d, ~ —5 x 107* could be interpreted as a signal
consistent with C'PT' violation should the nonzero du, and d,, be found. Due to
the absence of C'PT-o0dd electron EDM operator, EDMs of paramagnetic atoms are
predicted to be extremely suppressed.

An unambiguous separation of C'P-odd and C'PT-odd EDM terms in (3.3) may
come from measuring the difference of their relativistic effects. The CP-odd EDM
interacts with the magnetic field and leads to the precession of the spin relative to
[B x v], while the CPT-0dd component does not contribute to the precession for a
particle on a circular orbit. Thus, the experimental proposal of measuring deuteron

EDM in the storage ring [52] would in principle have capabilities of separating the two
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Coefficient  Operator H C P T
a’ Yy |-+ +
b’ VYo YsY + - +
d° FAO¢7A751/J - - =

Table 3.1: C', P, T properties of dimension three and EDM-type LV operators

effects, as perpendicular B and E would be employed in the experimental set-up. In
practice, the signal of spin precession due to the C'PT-odd EDM is not exactly zero
but suppressed by the deuteron anomaly, |ap| = 0.143, because of the |E| = |apB|
choice [52]. The suppression of the deuteron dcpr signal measured in the storage ring
relative to d,, is opposite to the case of dcp where an enhancement of dp/d,, ~ 5 is

expected [53] due to the C'P-odd pion exchange.

3.3 Naturalness

In Chapter 2 we have learnt that some of the operators of mass dimension five are
dangerous, since they are not protected from transmuting into the operators of mass

dimension three. Corresponding dimension three operators can be easily listed [40],

Ly ==Y dla"y, + b y75)¢, (3.10)

with a, and b, being the respective Lorentz/CPT violating couplings. Table 3.1



3.3. NATURALNESS 60

states the result that we already know from Chapter 2: the EDM operators d* are
protected against transmutation to a, and b* to a high loop order because of their
difference in C'P. Thus, only loops with intrinsic C'P violation can convert d* into a*
or b*. In the SM this is rather difficult to achieve, as the violation of C'P symmetry
in the flavour-conserving channel happens minimum at three loops, and is further
suppressed by the Kobayashi-Maskawa mixing angles and quark Yukawa couplings.
A crude estimate of dimension three operators resulting from multi-loop C P-violating

corrections gives an admittedly imprecise prediction for a light quark,

a’, b ~ d"(1072° — 107*#) x GeVZ. (3.11)

This provides sensitivity to d, up to 1072 GeV™', which is essentially the same
sensitivity as (3.7). Therefore a detectable signal from the C PT-odd EDMs induced
by a vector background would likely come accompanied by 6*, which could be searched
for via e.g. sidereal modulation of spin precession frequencies [54]. A difference of
down and strange a, terms can be searched for with the neutral K mesons producing a
typical bound on |a? —aj| of order ~ 1071 —1072° GeV. Through the loop effects, this
amounts to sensitivity to dJ terms on the order of 107> GeV~*, which is significantly

less sensitive than (3.7).
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3.4 Tensor backgrounds

What if the nature of C'PT-violation is so intricate as to give rise to an external rank-
three tensorial background D#P? 1In this case the T, P and C'PT odd interaction
F,,a? D*¥? induces the EDM-like signatures via an anisotropic effective Hamiltonian

for the spin:
S;

5 (3.12)

S )
H=—uB.> _DiE,.
HEg

Here D% is the traceless symmetric tensor with spatial components, D* = D0kl 4
DK%, The tensor interaction in (3.12) creates a correction to the spin precession
frequency proportional to E; B, D* which changes sign under the reversal of the elec-
tric field. The effect averages to zero if the orientation of parallel E and B fields is
randomly changing relative to the external tensor D% due to its tracelessness. How-
ever, in EDM experiments such averaging is not done. Therefore, E;B;,D* gives an
EDM signature, which in addition changes during the day because of the change of
the orientation of a laboratory relative to D* if, of course, the frame that breaks
Lorentz invariance is not related to the Earth itself. Generically, one expects 12 and
24 hour modulations of the EDM signal due to the C' PT-odd tensor background. The
structure of operators leading to (3.12) is more complex than in the vector case. In
particular, the electron operator, EeFu,ﬁp%d)eD““” does not vanish, and leads to the

EDMs of a paramagnetic atom, albeit with the matrix element suppressed by a factor
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of ~ 10 relative to the C'P-odd case. As in the vector case, the EDMs of diamagnetic
atoms are induced by the EDMs of valence nucleons. Finally, tensor backgrounds are

protected against transmutation to lower dimensional operators.

We conclude this chapter by pointing out that EDMs put stringent limits on a
new type of C'PT-odd C P-even interactions independently from other tests of Lorentz
invariance and C'PT. The scale of C PT-breaking probed by current versions of EDM
experiments is as high as 10'> GeV. The unambiguous separation of C PT-odd and
C P-odd effects would require EDM experiments with antiparticles, which might be
a formidable challenge. Instead, we point out the main pattern in EDM observables
consistent with C'PT violation: nuclear and atomic EDMs will be induced by the
EDMs of neutrons and protons, while electron EDM and 7T-odd nuclear forces are

largely ineffective in the C'PT-odd case.



Chapter 4

Lorentz Violating Supersymmetric

Quantum Electrodynamics

In this chapter we analyze in detail LV operators in supersymmetric quantum elec-
trodynamics (SQED), prove the absence of the naturalness problem in the LV sector,
and derive phenomenological constraints on the LV parameters in SQED. Following
Ref. [24], we parametrize all dimension five operators of LV SQED by three vector
N#, N¥ and N* and one irreducible rank three tensor 7#** backgrounds. These
vector and tensor backgrounds enter in the LV operators composed of a vector su-
perfield (containing photons and photinos) and chiral superfields (corresponding to
left- and right-handed (s)electrons), respectively. We introduce these CPT-violating

operators in the superfield formalism, and then derive their component form. We
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also classify dimension six CPT-conserving LV operators in superspace notations.
We observe that by using the equations of motion some parts of dimension five op-
erators can be reduced to dimension three LV operators. The relation between them
[LV]dim 3 ~ m2 [LV]gim 5 is controlled by the electron mass m,.

The main emphasis of this study is investigate the quantum effects. We show that
even in the presence of supersymmetric LV operators, no destabilizing quadratically
divergent D-terms ever arise. We prove that gauge anomalies are not affected by
the presence of these LV operators. This analysis essentially implies that the Chern-
Simons (CS) term k, #** A, 0, A, cannot arise from quantum corrections. We derive
the renormalization group evolution for the LV operators, showing explicitly that
only the logarithmic divergences arise in the limit of exact supersymmetry (SUSY).
We solve the one-loop renormalization group equations (RGE’s) to obtain the low-
energy values of LV parameters in terms of their values at the UV scale M. Then we
investigate the consequences of SUSY breaking for LV operators by introducing the
soft-breaking masses for superpartners of electrons. Dimension three LV operators can
now be induced by dimensional transmutation: [LV ]gim 3 ~ M2 [LV ]dim 5. Although
a loop effect, this constitutes a dramatic enhancement over the case with unbroken
SUSY, as mZ;/m? > 10'. One might expect that similar quantum corrections
could induce the CS term once SUSY is broken. However, our analysis rules out this

possibility.
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We investigate phenomenological consequences of LV in the framework of softly-
broken SQED. The strongest constraints on the LV parameters are due to the (non)
observation of anomalous spin precession around directions defined by the LV back-
ground vectors N*, N& and N¥. Another constraint comes from the comparison of the
anomalous magnetic moments of electrons and positrons. It is important to note that
all constraints obtained in this chapter are laboratory constraints, as astrophysical

and cosmological searches of LV are not sensitive to LV effects in SQED.

4.1 LV operators in SQED

Supersymmetric Quantum Electrodynamics is described by two chiral superfields &,

and ®_, that are oppositely charged under a U(1) gauge superfield V:

Coomp = / a0 (3,0, + B e Vo) (4.1)

+ /d20 (% WW + me<I>_<I>+) + /d2§ <1WW + me@@) .

Here W, = —1D?D, V is the super gauge invariant expression for the field strength.
Throughout this chapter, we use predominantly Wess and Bagger notations [55].
The fermionic components of superfields &, and ®_ correspond to the left-handed
electron and right-handed charge-conjugated electron fields. With a slight abuse of

the language, we call them the electron and positron superfields, or just the electron
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and the positron for brevity. We define the charge of electron as e = —|e|. Finally,
m. denotes the (complex) electron mass.

LV extensions of SQED can be constructed as a set of effective operators contain-
ing the superfields ®_, ®, , gauge covariant derivatives V,, V4 and arbitrary constant
tensor coefficients with Lorentz indices that specify the breakdown of Lorentz invari-
ance [24]. For constructing LV operators, we use the same rules as in Chapter 2.
Within the context of SQED, however, we impose additional requirements related to

supersymmetry. Specifically, we require that all LV operators be
e supersymmetric,
e local super gauge invariant with chiral gauge parameters,
e have local component expressions.

Let us explain these conditions in more detail.

First of all, by having supersymmetry we mean that the sub-algebra

{Qa; Qa} = 2004 Py (4.2)

of the N = 1 super Poincaré algebra remains unbroken. (LV Theories with higher
amounts of SUSY coming from extra dimensions have also been investigated [56-58]).

If we assume that the breaking of the Lorentz symmetry is spontaneous, we are
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guaranteed that o, represent the standard Pauli matrices. However, if the breaking
of Lorentz symmetry is ezplicit from the outset of the theory, these objects are simply
structure coefficients parameterizing this supersymmetry algebra. (We do not pursue
this possibility further here. Possible modifications of superalgebra by LV parameters
have been discussed in Ref. [59,60].) This assumption allows us to perform our
analysis using conventional superspace.

The requirement of having a local component expression allows for a conventional
effective field theory interpretation of the Lagrangians that we obtain. However, the
locality of the component Lagrangian does not necessarily imply that the superspace
expression of a given Lagrangian appears local !. For example, the electron mass term
can be written in a seemingly non-local way [ d*0 m,®_D?/(—40)® + h.c. Finally,

we require that LV operators preserve the standard local super gauge transformations

(I):t — 6:F26A (I):t, 6:|: — €:F26K6:|:, V - A+ K, (43)

with a chiral parameter A. In particular, we do not allow for non-local or non-chiral
extensions of the gauge transformations that seem to be required by non-commutative
SUSY [61,62].

As was shown in [24], these conditions combined impose strong restrictions on

I'We would like to thank N. Arkani-Hamed for this comment.
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the number of LV terms of a specific mass dimension one can construct: no dimension
three or four LV operators can be written down within the context of the MSSM. Here
we do not repeat all the arguments leading to this general claim, but simply illustrate
the underlying philosophy by showing that the CS term &, e#*** 4,0, A, does not have
a SUSY extension satisfying all three conditions stated above.

The CS term is a dimension three operator that is bilinear in the gauge field and
proportional to an external vector. Therefore the local superspace extension of it can

be represented as

[Clocal — %k" / d*05% V[Da, DalV =k, (— e A38,A, + 2 AFD + 2X6"A) .

(4.4)
This is the only possible structure, as the insertion of an anti-commutator {D,, D4}
immediately gives rise to a total spacetime derivative. The component expression
shows that this operator indeed contains the CS term, which is gauge invariant up
to a total derivative. However, the SUSY extension as a whole is not super gauge

invariant:

SLEE = 2kt / d'0Va,(A—A). (4.5)

Notice that this statement is independent of the Wess-Zumino gauge, and that even
under the restriction of gauge invariance under ordinary U(1) transformations (A =

i) the supersymmetric extension (and the A*D term in particular) of the CS term
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fails to be gauge invariant.
These arguments do not show that it is impossible to construct a super gauge
invariant extension of the CS term. Indeed, by inserting the transversal projector

Py = D*D?D,/(—80) we obtain a manifestly super gauge invariant expression

Ladlocal = %k“ / d*05%*V Py [Do, De]V = k* / d49WEu%W. (4.6)
This expression clearly appears to be non-local in superspace, but the CS term itself
is still local. In fact, because the true CS term in (4.4) already was gauge invariant,
the insertion of Py did not affect it at all. However, other terms in the component
expression of (4.6) are non-local because they contain 1/0 explicitly. Hence, as
asserted, the CS term does not allow for a SUSY extension that is super gauge
invariant and that has a local component expression. Additional discussion of LV

due to a CS term in supersymmetric theories can be found in Refs. [63,64].

4.1.1 CPT-violating dimension five LV operators

There are only three different types of LV operators satisfying the above requirements
in SQED at the dimension five level. In this subsection we give their superfield

expressions, while their component forms can be found in Section 4.4. The first type
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is the electron and positron superfield operators
matter 1 Y eV dH o 2eV,
maer = / d40{Nf_ T,.eViv, b, + N'T e Vzvufb,} , (4.7)

which are parameterized by two external real vectors N%. The super gauge covariant
spacetime derivative V,, = —gﬁga{va,%} is defined in terms of the super gauge
covariant derivatives V, and Vg. Their precise form depends on the super gauge

transformation properties of the object that they act on. For example, we define
Va\I!i = €:F26V Da (6i2€v\1’i) 5 Vd\I’i = Ed\I/i 5 (48)

for generic superfields W, that have the same gauge transformations as the (chiral)
superfields @, see (4.3).

For the photon super multiplet we can construct two independent operators.
The first operator is parameterized by a real vector N*. We can give a Kahler-like

representation of this vector operator as
m

auge 1 IA7 =
ceanee (V) — v / d*O N*Wa W . (4.9)

Using a superspace identity, this operator can also be written as a superpotential-like
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term

N, L
L) = — e / 0 Wo,, W + / POW 6, W) . (4.10)

The most general LV superpotential-like term takes the form

1 1 Ny — —

T _

CHSms = Tap / PIT " Wou W + o [ 0T Wa, W . (4.11)
In principle this operator is parameterized by a complex rank-three tensor TA#,
antisymmetric in the last two indices (y,v) due to its contraction with o,,. No-
tice, that o, acts as a projector on the imaginary self-dual part of the tensor since
%ieu,/"’apo. = 04, This implies that we may take T** real. From Chapter 2 we

know that we should take it irreducible
T, =0, €ueI? =0. (4.12)

The trace of [ d*0 Wo O,W + [ >0 W& 0, W is trivially zero, while the e****-trace
is entirely accounted for by (4.10), so no other operators occur when expanding T*#
in irreducibles.

In a non-Abelian theory, operator (4.11) cannot exist because the W,’s are not

gauge invariant but only gauge covariant. Thus, to maintain gauge invariance, any
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derivative acting on W, has to be replaced by a corresponding super gauge deriva-
tive. In particular, a non-Abelian generalization of (4.11) would have to contain the

covariant derivative V. But then the integrand would not be chiral, as

DiV, W, = —ie(€5,):" (WaWﬂ + WﬂWa) £ 0. (4.13)

Therefore, in the non-Abelian case one cannot write down superpotential-like LV
terms for gauge multiplets, and only the Kéhler-like terms (4.9) are allowed.

We have listed all possible dimension five operators in SQED framework. These
results have been reported before in the MSSM setting [24]. All operators of di-
mension 5, listed in this section, break CPT invariance. The CPT-conserving LV
operators start at dimension 6 level. For the matter of completeness, we now classify
all dimension six LV operators compatible with SQED. However, our main analysis
of quantum loop effects and observational implications of LV will concentrate on the

dimension five operators (4.7), (4.9) and (4.11).

4.1.2 CPT-conserving dimension six LV operators

Let us start by considering possible superpotential-like terms. To obtain dimension
six operators in the Lagrangian density, one has to consider the superpotential at di-

mension five level, 7.e. two dimensions higher than the standard mass term m, ®_&,.
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Because of the chirality condition of the superpotential, gauge invariance and the
absence of fermionic LV backgrounds, all possible terms have to be built out of the
(dimension two) operator ®,®_ and the (dimension three) operator W,Wjp, with
possible derivative insertions in the latter. Omitting all Lorentz-preserving terms in

the superpotential, we arrive at the following LV operator at dimension six level,

1
Livams = 37 / d*0 S Wa,0,W + hec. . (4.14)

The dimensionless matrix S is symmetric: S¥ = SY#. All other possible operators
would involve Wo,,W which vanishes for a single U(1). As mentioned before, the
superpotential term (4.14) can be represented as an integral over the full superspace by
factoring out —iﬁ? This can be done in various ways leading to seemingly different
expressions for these operators. Since the superpotential expression above defines
these operators uniquely, there is no need to give full superspace representations of
these operators here.

Aside from the operator (4.14), we can construct gauge invariant LV opera-
tors from the (dimension two) building blocks ®,e*?Vd,, & &, & &, D,Wj

and EaWB with possible gauge covariant derivatives inserted. From the identity
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[V, V81 = e (€70)PV o (Ws®L) we infer that
/ d*0®, eV |V, V, |0y = / d'9® [V,,V,]®, = 0. (4.15)

Moreover, full superspace integrals of ® &, D W3, ® & EdWB and their conjugates
vanish as well. Therefore, the most general (genuine Kéhler and non-reducible to

superpotential) dimension six LV matter Lagrangian is given by

1 _ T e T
Lot = o / d* [@ieﬂe‘/@i (Ag;' Do, W + A D&,WW)

+ Siu aie:thV{vu’ Vu}q):l: + Zw q)_{vu, VU}(D+ + ZIW 6—{VW VU}E-F} )

(4.16)

where S are real symmetric traceless matrices, Z*” is a complex symmetric traceless
matrix and Z'" is its complex conjugate.

In this section, we do not give the explicit component expressions of these su-
persymmetric operators, but it is not hard to see that operators like F},,F,,F*° or
F,,F*°F,,, do not arise. This might seem surprising, since such terms do appear in
investigations of non-commutative SUSY models, and SQED in particular [61, 62].
However, there is no inconsistency: as pointed out in [62] the Seiberg-Witten map
for non-commutative supersymmetric gauge theories cannot simultaneously have local

and chiral gauge transformations and be invariant under conventional supersymmetry.
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In our construction we have insisted on these three principles. Thus our framework
is more restrictive and does not allow for the operators cubic in the electromagnetic

field strength.

4.2 Quantum corrections in the presence of LV

4.2.1 Absence of a LV induced D-term

In this subsection we want to show that the dimension five LV operators discussed
in section 4.1.1 do not lead to dangerous power law divergences in SQED. Before we
enter this analysis, we would like to emphasize why this is an important issue.

One of the main reasons why supersymmetry is conventionally introduced is that
supersymmetric theories are free of destabilizing quadratic divergences. There is
of course one well-known exception to this assertion, the D-term of a U(1) vector
multiplet, which is in principle quadratically divergent at one loop. However, in
any supersymmetric theory that is free of anomalies the coefficient in front of the D
term vanishes identically. The introduction of higher dimensional LV operators could
upset the fine balance of the cancellation of the D-term, reintroducing a quadratic
divergence. We will now show that such destabilizing effects do not arise.

To begin this investigation, we specify the relevant Feynman rules. The matter

LV operators (4.7) can be decomposed into a modification of the kinetic term of the
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chiral multiplets

I

_ N
/d40<1>i(1 + ﬁi@u)éi, (4.17)

and their gauge interactions:

léﬁ = /d‘*ﬁ@i(eﬂev - 1)1+ Nﬁiiau)@i, (4.18)

and

N goe _ _
L%i = 4+ / d406270“ T,e2%V (DD, V) By . (4.19)

For most phenomenological applications it is sufficient to include only the first order
terms in expansion in LV parameters. For the study of the D-term, however, higher
order terms in LV have to be taken into account as well. It proves useful to combine

quadratic terms (4.17) into re-summed propagators

1
o~ = - — (4.20)
D1+ X,

These propagators are better behaved in the UV, because of the additional derivative
in the denominator. Since the momentum scale involved in the D-term calculation is
far above the soft breaking scale, we ignore soft scalar masses and the electron mass.
The LV parts of the re-summed propagators are canceled exactly by the corresponding

parts of the interactions (4.18), when these propagators are attached to their ®_-legs.
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Diagrammatically this may be represented as

l'gi@_ - _LL.SFF_,_ (4.21)

This shows that for a single insertion of the interactions (4.18) and (4.19) only the
latter survives, leading to logarithmic renormalization of the dimension five LV opera-
tors, which will be studied in the next subsection. Another immediate consequence of
(4.21) is that LV does not modify the cancellation of the Fayet-Iliopoulos (FI) D-term
at one loop. Indeed, the D4 D, V- proportional interaction gives a total derivative in
the superspace when ®_ fields are integrated out, and thus vanishes. The linear
in V part of interaction (4.18) could induce the D-term via the tadpole diagrams
obtained by closing the chiral loop in the diagrams above. However, cancellation
property (4.21) reduces the tadpole with LV to a standard tadpole diagram of the

Lorentz-preserving case,

J\N\@ = NVVQ = 0, (4.22)

where the last diagram gives a vanishing D-term when both ®, and ®_ loops are
taken into account. More generically, the D-term will vanish for any chiral field
content, provided that the sum of all charges of chiral fields is zero. Hence, to first

order in the LV parameters, no extra quadratic divergences are introduced into SQED
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by LV interactions.

The situation becomes more complicated if we go to higher orders in the LV
parameters and to higher loop orders: the arguments presented above are sufficient to
prove that to all orders no quadratic divergences arise, as long as we ignore the second
interaction structure (4.19). At two-loop level vertex (4.19) introduces additional
factors of DyD, into diagrams, and thereby raises the degree of divergence of a
diagram by ome, as {Dg, Do} = —2i0%.0, . Unlike in the one-loop calculation of
the FI tadpole, the DsD, derivatives may now act inside the diagrams, and hence
still can lead to a potential power-like divergence. In addition, each of the internal
propagator lines may be dressed with multiple LV insertions.

Even though the cancellation property we relied upon at one loop, Eq. (4.21),
does not apply here, luckily, one can show that at two (and higher) loops the effects
of all such possible insertions still cancel. The proof of this statement is similar to

the proof in a standard Lorentz preserving U(1) theory [65]. At two loops, there are

M@ + M@, (4.23)

where the vertices with boxes denote either regular gauge interactions or the ones

two types of diagrams,

given in (4.19) with the derivatives DD, acting on the internal gauge lines. Using
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the diagrammatic result (4.21), the vertex of the first diagram with the external V'
line and one adjacent chiral line can be turned into an ordinary Lorentz-preserving
combination. By partial integration on the internal gauge line all (LV) operators can
be moved away as far as possible from the vertex with the external gauge multiplet.

After these manipulations the diagrams can be represented pictorially as

J\M@ + M@l (4.24)

After some straightforward algebra involving D? and D? along the chiral field prop-
agators, one can show that the ordinary chiral line in the first diagram of (4.24) can
be reduced to a delta function in the superspace. This makes both diagrams in (4.24)
identical in structure, but with opposite signs. Thus, we observe that these diagrams

indeed cancel, and no FI D-term arises even at two (or higher) loop level.

4.2.2 Absence of LV induced gauge anomalies and of the
Chern-Simons term

It is well known that anomalies put severe restrictions on the matter spectrum of
particle physics models. One may wonder whether LV might lead to new anomalies.
Should this happen, either the LV vectors must be restricted by stringent conditions

that ensure the anomaly cancellation, or gauge non-invariant terms would have to be
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included to the classical action in order to cancel the gauge variation of the effective
action obtained by integrating out the fermions. In the SUSY LV context the su-
persymmetric extension of the CS term would be a possible term that could cancel
new anomalies. We will show now that LV terms at dimension five do not modify
the chiral anomaly. As a consequence, there are no further restrictions on the LV
vectors and the local gauge non-invariant SUSY CS term (4.4) is not admissible. In
addition to this indirect anomaly argument against the CS term, we show that it is
not generated by explicitly computing relevant diagrams.

To prove the claim that there are no new gauge anomalies we closely follow the
computation of the covariant anomaly presented in refs. [66,67] using the techniques
developed by Fujikawa and Konishi [68,69]. We consider the classical LV chiral
multiplet action

S = /dszéev(1 + NV, )@, (4.25)

with the gauge covariant super derivatives V, = —i&ﬁ‘d{va,vd}, Vs = D, and
Vo = eV D,e". The variation of the effective action, obtained by integrating out
the chiral multiplet ®, under a chiral gauge transformation (§A # 0,6A = 0) is given
by

BL(V) = (518) = ( / 2BV (1 + iN'V,) (30 @) . (4.26)

This expression is regularized by inserting the operator exp(O, /M?), where O, is
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Figure 4.1: LV diagrams in massive SQED. Solid line denotes the chiral field prop-
agator, wiggled line represents the external gauge superfield legs. The crossed circle
denotes an insertion of the LV operator (4.7). Double lines represent chirality-flipping
propagators (®®) and (& ®). Bars denote the ® ends of the propagators. Only N%
operator is included in this figure, the N* operator generates the same set of diagrams.

the covariant d’Alembertian that preserves chirality, and M is a regulator mass which
will be taken M — oo at the end of the computation. To evaluate the regularized

amplitude we determine the propagator in the background field V:

(®:316V) = i (1 n iN“ﬁ V2v2vu);1 (161IZ]+ VQVQ)2 58 . (4.27)
Here the subscripts 1 and 2 indicate that the corresponding expression is a function
(or derivative) of the superspace coordinates z; and zy. By inserting this propagator
in the variation of the effective action (4.26), one can show that the LV factors exactly
cancel out, and the anomaly reduces to the standard one without any LV. Notice that
in this derivation we have not used any properties of the operator :N#V , except that
it is gauge covariant, therefore this argument shows that no kinetic modification ever

leads to new anomaly constraints.
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Because the gauge anomaly is the same as in the Lorentz preserving theory (and
therefore absent in LV SQED), we conclude that no CS term can be generated by
quantum effects. The reason is that the local version of the SUSY CS (4.4) is not
gauge invariant, see (4.5). The gauge invariant version of the SUSY CS (4.6) is in
its turn nonlocal. Since only local and gauge-invariant counterterms can arise in a
non-anomalous quantum field theory, neither version of super-CS can get induced.
This result can be confirmed by a direct loop computation: the diagrams of Fig. 4.1
can potentially generate the SUSY CS term (4.4), but an explicit calculation reveals
that all these contributions cancel for both N¥ and N* backgrounds, even when the
electron mass m, is retained. The absence of CS term induced by quantum effects
(4.4) can be understood as a SUSY version of the no-go theorem of Coleman and
Glashow [32]. In section 4.3.2 we show that the CS term is not induced by the soft

supersymmetry breaking either.

4.2.3 RGE evolution of dimension five LV operators in SQED

Again we are assuming that the operators (4.7), (4.9) and (4.11) are generated at the
UV scale M, while all experimental limits are obtained at much lower energy scales.
Therefore, in order to derive meaningful experimental constraints on parameters of
LV SQED, we have to evolve the LV operators down to the low-energy scale. Fur-

thermore, we know that SUSY is broken, and the operators of dimension five will
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Figure 4.2: One-loop corrections to the matter multiplet operators (4.7). The no-
tations are the same as in Fig. 4.1. Wiggled line represents the gauge superfield
propagator, and the crossed circle is an insertion of the LV operators (4.7) or (4.9).

source dimension three LV operators via SUSY breaking, leading to tight bounds on
LV parameters of the model. In this section, we derive and solve the renormalization
group equations for dimension five LV operators assuming unbroken SUSY. In the
next section we include the effects of soft breaking and calculate resulting dimension
three operators.

We work in the linear approximation in LV parameters, and neglect all terms that
involve higher powers of 1/M. The running of the LV operators (4.7), (4.9) and (4.11)
is, in part, a consequence of the wave function renormalization of various superfields
induced by standard SQED one-loop diagrams. We do not give them explicitly here,
but we take their effects into account in the resulting RGE’s. For the logarithmic
running of the LV parameters above the supersymmetric threshold, we can ignore
soft, breaking masses and electron mass inside loops. At one loop, this means that
loop diagrams with internal lines of &, and ®_ can be calculated independently.

The renormalization of the electron/positron LV operators (4.7) is induced by the
diagrams shown in Fig. 4.2. The first two diagrams involve the interactions (4.19).

Notice that the seagull diagram vanishes because the photon superfield loop contains
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S OO

Figure 4.3: One-loop corrections to the gauge LV operator (4.9) using the same
pictorial notation as in Fig. 4.2.

only two super covariant derivatives. The last diagram is induced by the operator
(4.9). Loops with a single insertion of tensor interaction (4.11) vanish identically, as
there are no operators in the chiral sector that can couple to T

In the gauge sector we find that the renormalization of the tensor LV gauge
operator (4.11) is absent. Indeed, since we work in the first order in LV, this operator
cannot receive any corrections from operators that depend on vector backgrounds.
The renormalization of LV gauge operator with N# (4.9) is given by the diagrams
shown in Fig. 4.3. Again, one can use the cancellation property (4.21) to observe that
the vertex in the second diagram of Fig. 4.3is given by (4.19) only. The combination
of these gauge self-energy diagrams is only logarithmically divergent, which gives
another reason why dimension three LV CS term is not generated by loop effects in
this approximation.

After a straightforward calculation of logarithmically divergent parts of diagrams

in Figs. 4.2 and 4.3, and inclusion of wave function renormalization effects, we arrive
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at the renormalization group equation (RGE) for the LV parameters:

[ v ) (200 o) )
o M| _a| 6 3 00 N | 125
NY 6 0 3 0 N¥

KTW”) \0 0 0 2 \T’“’P)

As usual, @ = €?/(4n) denotes the fine structure constant. The (1,1) and (4,4)

elements of the matrix in (4.28) are equal and result only from the renormalization of
wave functions. The electron and positron LV parameters N both give and receive
equal contributions to and from the vector LV parameter N#. This explains why the
pairs of matrix elements (1,2) and (1,3), (2,2) and (3,3), and (2,1) and (3,1) are equal.

It will prove useful to introduce the following combinations of LV parameters that

couple to operators of definite parity:

(4.29)

N and N are the charge conjugation odd and even combinations, respectively. In
general, vector backgrounds do not need to have the same orientation in Minkowski
space, and the off-diagonal elements of the renormalization group coefficients in (4.28)

mix them, resulting in changes of their directions. By diagonalizing (4.28) we identify
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a set of eigenvectors

Nt = Nt NI = 3N*—2NH,  NE = 2NH 4 N* | (4.30)

that evolve under the RGE independently; each of them may change its size but not
its direction. N!; renormalizes independently because it is the only combination that
is odd under the charge conjugation. In this basis, the RGE’s and their solutions are

given by

a | a v v _ O!(,U,) % v
paa N = N NE = N = () NPOD (a3

where the eigenvalues read \; = (A1, A2, A3) = (3,6, —1). To obtain these solutions
we have used the standard SQED beta function u% o= %oﬁ.

Within the SQED framework, the renormalization effects of these LV parameters
are small: even if we take = m; ~ 1 TeV and M = Mp; ~ 10'® GeV, the running

affects the LV parameters by only about 10%. In other words, the linearized version

of (4.31)

2

252 og(/m)) N (M) (4.3

NY(my) ~ (1 - &

gives a good approximation to the exact answer. The same conclusion holds for the

running of the irreducible tensor 7*#”. Despite it may look as though a 10 percent
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level change in N! is insignificant, one should keep in mind, however, that in a more
realistic framework of MSSM the number of charged degrees of freedom running
inside the loops is significantly larger than in SQED, which would lead to appreciable
changes in LV parameters between the Planck and the weak scales. Nevertheless, the
main numerical change in the actual size of observable LV effects will result from soft

SUSY breaking, as will be discussed in the next section.

4.3 Induced dimension three operators by soft SUSY

breaking

Once SUSY is broken, dimension three LV operators can be induced with coefficients
controlled by the soft-breaking mass scale. Following the usual approach (see e.g.
Ref. [55]), we introduce spurion superfields (62, #2) in superspace expressions. We
only consider soft SUSY breaking in the matter sector. We ignore other soft-breaking
terms, including a gaugino mass, which can be motivated by the most common MSSM
scenarios. Generically, we can assume that parity is broken, so that the scalar partners
of left- and right-handed electrons have different masses.

The possible soft SUSY breaking masses of the electron and positron can be
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written as

Lsp = _/d20 62 (m?)? ®,&_ + h.c. —/d49 626> ((m:)26+q>+ + (m;)%,cb,) ,
(4.33)

+

where m;

are real and m? a complex masses. To make parity violation manifest in

the SUSY breaking (4.33) we introduce

(4.34)

The parity conserving scenario is obtained in the limit Am? — 0. Throughout the
paper we assume that Am? is somewhat smaller but not necessarily much smaller
than m? and that the values of the soft-breaking parameters are such that scalar
electrons do not develop vacuum expectation values. Viewing SQED as a subset of
MSSM, we can also neglect (m?2)%, (m?)? ~ O(msm.) < m?.

Once SUSY is broken via (4.33) in the Lorentz-conserving sector, it will be
communicated to the LV sector via loop corrections or on the equations of motion
(EOM’s), resulting in LV operators of dimension three.

We start by listing all such operators in components, essentially extending the

existing QED parametrization [54] to the SQED field content. In the matter sector
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these operators are

matter

+ BY E+Eu1/1+ + B* E,Euw_ + D" o,y .
In superfield notation they can be expressed as:

Lt B — / a0 0°F° 2141 F, 9,0, — 240 V,5

+

N | —

~ 1~ — 1~ —
(C*®_V,®, + hc.) + 3BiV 2.5, Ve, + SBIVE 7,V

v
+ (D" V®_0,, VP, + h.c.)] . (4.36)

DN |

The superfield expressions (4.36) for the operators (4.35) are not unique. One can
use alternative spurion insertions inside gauge-invariant supersymmetric LV opera-
tors [24]. However, at the component level these expressions will reduce to linear
combinations of the operators given in (4.36).

In the gauge sector there are only two LV operators of dimension three:

’Cga]éugl?v dim 3 — EM el“jpo— AuapAo' + ﬁu )\O-MX , (437)
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which can be rewritten in a superfield form using the CS superfield [70]:

C85s = [ @0 (B~ B)o Wl +

+ B 00"0{D*(VW,) + Edde}). (4.38)

4.3.1 Operators in the matter sector

We now turn to the discussion of possible mechanisms that transmute dimension five
SUSY LV operators into dimension three LV operators. There are two generic ways

this may occur, at tree level via reduction over the EOM and via loop effects,

[LV]dim 5 oM (m2 4+ m?) [LV]gim 3, for selectrons ,

1 loop

[LV]dim 5 m?[LV]gim 3, for fermions and vector bosons .

The tensor operator (4.11) does not mix with dimension three operators in any order
in SUSY breaking, because there is simply no dimension three operator that can cou-
ple to T#**. Below we discuss in detail how dimension three operators are generated
by tree level and loop effects.

The soft supersymmetry breaking (4.33) affects LV interactions for left- and right-
handed selectrons already at tree level. The masses of scalar particles are lifted with

respect to the masses of the electron and positron. This alters sfermions’ equations
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of motion, leading to an enhancement of certain dimension three operators. Ignoring
Am? for a moment, one can easily show that the combination of LV operators (4.7)

and SUSY breaking (4.33) leads to the following dimension three LV operator

Nﬂ
Eioallr\gicle = ﬁv2i (mz + mg) {2+DN'Z+ - E*DN'Z*} ) (439)

effectively generating the A" -terms (4.35),

Al = iQN—‘l;(mz—i-mQ) (4.40)
+ — M e s/ - '

However, we will not be interested in these particular operators due to current im-
possibility to study experimentally the superpartner sector. In the matter sector only
those operators involving electrons and positrons are important for phenomenology.
For the same reason, we ignore the possible appearance of the operators proportional
to 5“, and in the gauge sector we will only be interested in the CS term that might
be induced for photons.

At one loop level, the transmission of SUSY breaking to the LV sector of chiral
fermions and gauge bosons may indeed be possible. We start with one loop effects
in the matter sector. It is sufficient for our purposes to consider the running of
dimension three operators within the interval of momenta m; < |pioop| < M, and

retain only the contributions enhanced by a large log(M/myg), neglecting possible
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Figure 4.4: Diagrams generating dimension three LV operators for electrons and
positrons due to soft supersymmetry breaking and dimension five SUSY LV operators
in gauge and matter sectors. In Figs. 4.4a and 4.4b the inserted operators are (4.7)
and (4.9), respectively. Finally, the box with a cross denotes the insertion of the
SUSY breaking operator (4.33).

threshold corrections. To this accuracy, the soft breaking parameters inside loops can
be treated as perturbations and inserted on internal lines of diagrams from Fig. 4.2.
In Figs. 4.4a and 4.4b we have inserted the dimension five SUSY LV operators (4.7)
and (4.9), respectively.

Our one loop RGE analysis concentrates on the induced dimension three opera-
tors Eu. Besides the contributions from diagrams in Figs. 4.4a, 4.4b the complete set
of RGE includes the one loop running of the operator éu itself, and its mixing with

Zu- The relevant set of RGE’s includes:

dAY ol m
H dp P (A+ - B+) ’
dBY o [~ (m)? (m;)?
- B - A s) v g s N") 4.41
a du 2 ( + v+ 3 M + (4.41)

Here we quote only the results for &, components; the extension to ®_ follows upon
some simple substitutions. The requirement of exact SUSY at UV scale M translates

into the RGE boundary conditions: Z“‘ = E“‘ = 0 . In addition, the full set of
M M
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equations include the RGE’s for the soft breaking masses,

s = —m?, (4.42)

and RGE’s for the dimension five SUSY LV operators (4.28).
Exact solutions of these RGE’s are not warranted for our purposes. Instead, we
use the same approximation as in (4.32) together with «/7 log(M/m;) < 1, to obtain

the solution

B (m,) = % 1ogOt/m) "L Bxvn) — Nxon) . ()

for gff in the leading «log approximation.

4.3.2 Operators in the gauge sector. Chern-Simons term.

The absence of optical activity effects caused by the CS term has been checked over
cosmological distances, providing a very sensitive probe of k, e*** 4,0, A, (see e.g.
Ref. [39] and references therein). The limit on k, is about the present Hubble ex-
pansion rate, and is ten orders of magnitude better than the level of sensitivity for
the best terrestrial experiments searching for dimension three LV parameters. Not
surprisingly, the issue of a CS term generated by radiative corrections from other

LV interactions has drawn a lot of interest [32,71-74], exhibiting the whole range of
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answers for k, being induced by b, (including zero). A no-go theorem by Coleman an
Glashow [32] indicates the absence of the radiatively generated CS term. If suitably
rephrased, it states that the CS term cannot be induced to first order by gauge in-
variant LV interactions. In section 4.2.2 we have extended this theorem to the exact
SUSY LV interactions.

We would like to argue that below the soft SUSY breaking scale the CS term also
cannot be generated. Indeed, the CS interaction can only be generated by a fermion
running in the loop, as a bosonic loop cannot produce € entering the expression
for the CS term. However, the SUSY breaking terms (4.33) only provide masses for
the bosonic components of chiral superfields and thus only affect the scalar parts of
the diagrams, which are incapable of inducing the CS interaction. (The possibility of
a soft gaugino mass is not relevant because diagrams that could induce the CS term
only include chiral matter fermions, not gauginos.) In particular, the no-go theorem
by Coleman an Glashow [32] for QED is re-obtained by sending the soft masses to
infinity.

We have confirmed this result by a direct calculation in the presence of the soft-
breaking. The relevant diagrams, given in Fig. 4.5, are obtained by inserting the
soft breaking interaction (4.33) into the diagrams shown in Fig. 4.3. As for the
direct confirmation of the absence of the SUSY CS term in section 4.2.2, instead of

calculating all possible terms, we have only concentrated on those structures that
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Figure 4.5: Dimension three one-loop contributions arising from the dimension five
LV operators (4.7) and soft supersymmetry breaking.

can induce the CS term. Here, again, the vertex cancellation property (4.21) can
be used quite effectively to mutually cancel contributions of particular diagrams. A
straightforward calculation shows that all terms proportional to the CS interaction
indeed cancel.

Note that this statement is only valid for the pure CS term e***? A,0,A,, while
there is no evidence against the other possible operator in the photon sector, Ao*\.
However, the presence/absence of the latter term is obviously not very relevant for

phenomenological applications.

4.4 Phenomenology of LV SQED: LV observables

and experimental limits

4.4.1 Component Expressions for LV operators

In order to derive phenomenological consequences of the LV operators, we need to

obtain their component expressions. First we consider the matter operators (4.7).
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The component form for the electron part is given by:

matter NE . . . _ 1- iy
,CLVtZiHE? = ﬁ[zF+DuF+ + ez, DD,z — ieD,(Z;)Dzy + §¢+D(uDu)0 (o

2 (— - - - — 1 —
+ ie§{¢+au)\F+ _ F+A6uw+} + 622+{)\0M)\ _ A&uA}z+ + 5. 0uDYs
V2

— \/ie{DN(E+)Xz+ + 2+/\DN¢+} _ 76{E+&“0NXD,,,Z++Du(z+)AaNa“¢+}

1 - 1
— Jebre " FpoB, s + i5D"D, D,z + EieD,,(Z+)eu”p"Fpgz+} o (4.44)

This component representation of dimension 5 LV operators allows for further re-
duction of several terms in (4.44) on the equations of motion. The result for this
tedious but routine reduction is given in Appendix C. To facilitate phenomenolog-
ical applications, we convert all Weyl spinors into Dirac/Majorana four component

spinors:

cy cA
U = ) and A= . (4.45)

W A
Using notations (4.29) and (4.34), we present the dimension five LV operators (4.7),

containing electron and photon fields, as:

NET NU 1 —~ Ny o=
LR = =g gt VEwn ¥ = 3 e W0 & pmi Tyl . (446)
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Using the same notation, the dimension three operators (4.43) can be rewritten as

vector and axial-vector operators:

mater T Am? 3 Am? alog(M/m;,
e = — Ty {miNg + S - S e} e )
— A 2 3 ] M \
- \va“75\11{m§Nﬁ + SN - §m3Nu} %M/m)' (4.47)
™

The next operator to consider in components is the photon operator (4.9):
gauge (K) N# 3 BY v Av T
Livdims = ﬁ(Q)\’YuD)‘ + 2000\ — 2D0"F, + OhF Fyu) . (4.48)

These components are reducible on the equations of motion, and only the last term

in (4.48) leads to a contribution in the electron and photon sectors. By substituting

O\F* with the electromagnetic current Jh,, = —e ¥ *¥, we get an interaction term
‘Cga?g{e (K) — eTN“’YVFuV v ) (449)

which has the same form as the second term in (4.46). Notice, however, that this
coincidence holds only within QED, as in the full MSSM J%,, will also have other

(i.e. hadronic) contributions. Finally, the tensor operator (4.11) has the following
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component expression

2T, ~ _
) = ZHE(FAQUF — DO — 300,00 ™) . (450)
It can be reduced on the equations of motion by using integration by parts and Jacobi
identities. Applying the equations of motion to the pure electromagnetic field strength
term in (4.50), we obtain in the electron-photon sector of QED

Lome 1) = 2€T, Uy FPU (4.51)

Confirming the general conclusion of [24], we observe that none of the LV operators
give corrections to the EOM that grow at high energies.
Now we gather all operators of phenomenological interest of dimensions five and

three, (4.47), (4.46), (4.49) and (4.51), in a single expression:
—Leg v = Efy“(au + bY° + ec, F"* + ed,,ﬁ"“f + e fupo F”")‘Il, (4.52)

where we use the notations of [40] for the coefficients of dimension three operators.

The Wilson coefficients in (4.52) are expressed in terms of the original LV parameters,
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electromagnetic coupling constant, and soft breaking masses:

1 log(M /m; Am? 3 Am?
at = —MmgN{,‘ + % {m? N‘I; + ;n Nﬁ - 5 ;n Nll} ’
log(M /m Am? 3
b — « og;M/m ) {mi Nﬁ + ;” N“} _ §m§ NM} ’ (4.53)
1 (1 1 NE 2
v ) INKE 1 v — - 'V wep 2 rpuvp
¢ M{QNA N}’ " =5s o

The result is given in the leading alog approximation, and with all LV parameters
normalized at the SUSY threshold m,. The operator proportional to a* does not lead
to any physical effects as it can be totally absorbed into the kinetic term —i U@¥ via
a phase redefinition, ¥(z) — € #+W¥(z). The rest of the operators lead to observable

LV signatures.

4.4.2 Constraints on LV parameters of SQED

Now, we are prepared to extract observational consequences of LV SQED, and to
impose constraints on the coefficients of the effective low-energy Lagrangian (4.52).
To do that, we derive the non-relativistic effective Hamiltonian corresponding to

(4.52) by splitting the external backgrounds into spatial and time-like components:

Ha = 224056+ {2 [exH] - B} — ed(B-9)
m m
+ ed [EXO’} + {W’ kaOIE + fklmelman} . (454)
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Here 7 = —ifid is the momentum operator and {.,.} denotes the anti-commutator.
The tightest constraints come from the experiments searching for abnormal spin
precession around external directions determined by the LV vectors (4.53). These
experiments limit LV parameters for electrons and nucleons. The relevant parameter
we should compare our estimates with is the energy shift due to LV effects Awpy .
In LV SQED, the effects are mediated by dimension five operators, and therefore the
strength of the constraints on combinations of M and LV backgrounds depends very
sensitively on the energy scale p relating Awry and M~!, Awry ~ p?M~L. Our
analysis shows that several possibilities for p are possible: the soft breaking scale, the
hadronic scale (i.e. Agep), electron mass, and finally, the energy scale given by an

external magnetic or electric field.

LV electron spin precession

The soft breaking scale enters in the LV parameter b,, which is limited by torsion
balance experiments searching for LV in the electron sector [28]. The sensitivity to
the spatial part of the axial-vector coupling b* achieved in these experiments is at the
level better than [b| < 1072® GeV. This condition imposes a stringent constraint on

the combination of the soft breaking masses, M, and LV parameters:

m? 101 GeV

S

(100 GeV)2 M

3
2

NY — SN 4+ 6,Ni,| < 1072, (4.55)
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where we normalize M to the Planck scale. We have introduced a dimensionless
quantity 6, = Am?/(2m?) that parameterizes parity violation in the soft breaking
sector. The lightest values for my not excluded by direct collider searches are slightly

above 100 GeV, and therefore |N% — 3N?| is limited to be less than 102,

LV nuclear spin precession

The next constraint uses the energy scale u ~ Agep from hadron physics. In order
obtain it, we have to go beyond pure QED and include hadronic components in J&,,
(4.49). Then, as discussed earlier in [24], the LV SQED operator (4.9) gives rise to
interaction of the spatial components of N#, electric field, and the spatial component
of the hadronic current, £ = M ~t¢;;, N*E?J%, .. The average of such interaction inside
the nucleus with spin I leads to the effective Hamiltonian H.g = kI-N. The strength
k of this interaction is given by a nuclear matrix element, which can be estimated as
the product of the typical value of the electric field inside a heavy nucleus times the
characteristic nucleon momentum. Combined with a 10732 GeV level of sensitivity
for Awry in the most advanced experiments [26,75], this results in a stringent bound

on |N¢|:

e E puua ZY3 fm %o 101 GeV . 9
~ ~ MOV NI < 1070 (456
" TMm, Mm, = o Vs (4.56)
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Here m, is the proton mass and ppya ~ fm~' is the typical nucleon momentum.

A more refined nuclear calculation can be done for mercury and xenon nuclei used

in [26,75] if needed.

LV precession of the angular momentum of a paramagnetic atom

If for some unexpected reasons the effective electron LV coupling b* is close to zero,
the interaction term proportional to ¢ in (4.54) would still induce a coupling of the
electron angular momentum j inside a paramagnetic atom to the spatial component
of N§/2 — N* with Hex = kj;(N4/2 — N'). In this case, the characteristic scale
connecting Awry with LV parameters is the typical momentum of atomic electrons,
1~ Patomic ~ am. Apart from an overall coefficient, the atomic matrix element re-
sponsible for this interaction has the same strength as the usual spin-orbit interaction,
resulting in the estimate of

, a2 m? 10 GeV
- :> [
M M

Kk ~ Z’a

IN* — N, /2| < 1072 (4.57)

CPT-odd anomalous magnetic moment of electrons and positrons

The limits explored so far do not use the fact that LV operators of dimension five
break CPT, whereas the experiments [26, 75] are done with normal matter. Some

other experiments explicitly compare properties of electrons and positrons, and can
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therefore be used to constrain LV CPT-odd operators. For example, a d°-proportional
term in (4.54) induces an interaction between the electron spin with a magnetic field,
and thus contributes to the anomalous magnetic moment of electrons and positrons.
The different, g-factors for electrons and positrons are limited at 10712 level: |g.—ge| <
8 x 10712 [76].

The interaction Hamiltonian for electrons and positrons, corrected by the CPT-

odd d°-proportional interaction, takes the form:

e B.§  B.§ ) B.§  B.§
o= —ed Tl — il Te MG = —ed T 4 u T (459)
This gives a bound on the time-like component of N};:
e 101 GeV
%|N{}| < 2x 10712 Te INY| < 10% . (4.59)

Obviously, this limit is inferior to those derived from the searches of the breakdown
of rotational invariance [26,75].

It is interesting to note that the CPT-violating correction to the magnetic mo-
ments of electrons and positrons arises in LV SQED even when SUSY is unbroken. At
first sight this seems to be at odds with the Ferrara-Remiddi theorem which forbids
emergence of the anomalous magnetic moment of the electron in the exact SUSY

limit [77]: the anomalous magnetic moment of the electron, e(4m)~1VWo,, ¥ F,
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should appear as the highest component of some superfield, but no such supermulti-
plet exists [77]. However, one of the assumptions leading to this result is Lorentz in-
variance, therefore when SQED is extended by LV operators, the anomalous magnetic
moment, eM LN" WF,,7*7*¥ , does arise as the highest component of a superfield

operator, namely (4.7).

Consequences for some dimension five operators in LV SQED

The two most stringent limits, (4.55) and (4.56), are sensitive to different linear
combinations of N* and N vectors, thus imposing similar strength constraints on
N*® and NY separately. In order to impose a constraint on N{,, one has to make
further assumptions about d;. In the full MSSM scenario (as opposed to its SQED
subset), parity is broken above the weak scale. Hence, a ds at a percent level or larger
arises from radiative corrections even if the boundary conditions at M are parity
conserving, i.e. mi (M) = mj (M). This provides a sensitivity to N at the level
of 1071% The time-like components of vectors N& and N* are also constrained: the
motion of the Earth and the solar system introduces a dependence of the laboratory
frame on the velocity relative to the fixed vector backgrounds. Therefore, a non-zero
N® would "mix” with N* at O(v/c) ~ 1072 — 107 level. As a result, 1075 — 10~%

level constraints can be imposed on Ny, N§ and N°.

LV induced by T#" (4.11) is also subject to experimental constraints. For ex-
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ample, a three dimensional vector f* = €;;,7"%, obtained from the tensor T#"?, leads
essentially to the same effects as vector ¢*, and is therefore subject to bounds anal-
ogous to (4.56) and (4.57). Other components of T#”? can be limited using their

contributions to f* caused by the earth motion effects.

Absence of Planck-scale bounds on dimension six LV operators

Finally, we would like to assert that limits on dimension six operators are not able to
rule out LV modifications at the Mp,” level. Many of the operators listed in (4.14)
and (4.16) contain antisymmetric tensors. After the inclusion of SUSY breaking,
such terms can mix with the m, ‘IIJW‘II operator, leading to LV spin precession of
the electron. Assuming that the sizes of the dimensionless tensors in (4.14) and
(4.16) are O(1), one can estimate the sensitivity to M via the dimension six LV
operators: M? ~ mem?/(10~% GeV). This translates into a bound of M ~ 10'* GeV
for mg; ~ 100 GeV, which is lower than the Planck scale. On the other hand, we notice
that in the framework of the LV MSSM the sensitivity to M via dimension six LV
operators will be higher, when observables in the quark sector are employed. Indeed,
we expect m, to be replaced by m,, and 1072 GeV by 1073? GeV, as experiments
searching for anomalous spin precession of nucleons are intrinsically more precise. In
this case the sensitivity to M would get close to the Planck scale, and future increase

of the experimental sensitivity may probe this type of models. Although undoubtedly
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very interesting, more detailed study of the observational consequences of dimension

six LV operators goes beyond the scope of our survey.

4.5 Discussion

We have constructed a dimension five LV extension of SQED, as a subset of the full LV
MSSM. The LV modifications are power-suppressed by the UV scale M and decouple
in the limit of M — oo. In the leading order in the inverse UV scale, O(M™!),
dimension five LV operators can be coupled to two types of LV backgrounds. There
are three background vectors N#, N¥ and N”, as well as an irreducible rank three
tensor T#** (antisymmetric in #\). The corresponding LV operators are all CPT-odd.
At the dimension six level LV operators are CPT-even; their classification has been
given in this chapter.

We have explored quantum effects in the presence of the LV terms. We have
shown that no D-term is induced and the anomaly cancellation condition is not al-
tered by the presence of LV in the limit of exact SUSY. The RGE’s for LV operators
of dimension five were derived in the limits of exact and softly-broken SUSY. Once
SUSY is broken, dimension three operators can be generated. The transmutation of
dimension five LV operators into dimension three is controlled by the scale of soft
SUSY breaking. This alleviates the LV naturalness problem, because the potentially

problematic quadratic divergences are stabilized at the SUSY breakdown scale. In
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order to obtain phenomenologically applicable formulas, we broke SUSY by introduc-
ing scalar electron masses, and calculated the resulting effective LV Lagrangian for
electrons. A dimension three operator for photons, the CS term, is not generated
at the loop level. It is remarkable that none of the LV operators, considered in this
chapter, lead to high-energy modifications of dispersion relations. Therefore, none
of the stringent astrophysics-derived limits on LV parameters [30,33] apply to LV
SQED.

We have obtained explicit component expressions for LV interactions generated by
vector and tensor backgrounds, which allowed us to derive observational consequences
of LV in SQED. Using the results of high-precision searches for LV spin interactions,
we derived stringent limits on some linear combinations of LV parameters. The most
stringent results were obtained from a one-loop induced coupling between the electron
axial vector current and some combination of the background vectors N*, N and
N*¥. The strongest bound was obtained from the absence of anomalous spin precession
for electrons, which is checked at a level better than 10728 GeV by torsion balance
experiments [28]. Assuming that the UV scale is of the same order of magnitude as
the Planck scale, we were able to constrain one linear combination of N*, Nt and
Nt at the level better than O(107'?). Conversely, if we insist that N* ~ O(1), such
experiments provide a sensitivity to the LV ultraviolet scale which is more than ten

orders of magnitude larger than the Planck scale. Other precision experiments [26,75]
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provide stringent constraints on different linear combinations of the LV vector and
tensor backgrounds.

The existence of strong constraints on LV at dimension five level (with or with-
out SUSY), poses a serious challenge for theories that predict LV at 1/Mp; level.
Therefore, either such theories are ruled out, or they require abandoning an effective
field theory description of LV. (The latter does not seem as a reasonable alternative
to us.) However, it might be that dimension five operators are forbidden by some
additional symmetry reasons, such as e.g. CPT. At the next order, O(M~2), Planck
suppressed LV effects are not excluded. The best constraints may come close [31], but
are applicable only to operators that modify high-energy dispersion relations. The
classification of dimension six LV operators in SQED has showed that they couple
to symmetric or antisymmetric two-index tensor backgrounds. As we discussed at
length for dimension five LV operators, similarly, some of dimension six operators
will transmute into dimension four operators due to quantum effects in the presence
of the soft-breaking terms. The scale of the transmutation is controlled by the SUSY
breakdown scale, which gives an estimate for the size of LV backgrounds at dimension
four as m?/M?* ~ 1072 for ms; ~ 1 TeV and M ~ 10" GeV. This prediction comes
close to the experimental sensitivity to such operators, and therefore deserves further

studies in the framework of LV MSSM.



Chapter 5

CPT-odd Leptogenesis

Since the seminal paper by Sakharov [78], it is well known that the baryon asymme-
try of the Universe (BAU) can be generated dynamically, through the combination of
baryon number violating processes, C' and C' P violation, and the departure from ther-
mal equilibrium. It turns out that the Standard Model has all necessary ingredients
for this to happen. Notably, the B + L number is violated by the high-temperature
sphaleron processes [79], [80]. However, the existing amount of C' P-violation com-
bined with tight constraints on the Higgs sector, prevent efficient baryogenesis in the
SM. Thus, BAU presents a formidable hint on physics beyond SM, and motivates
new experimental searches for the extended electroweak sector and new sources of
CP violation. A potential solution to this problem was introduced in the form of

leptogenesis [81]. According to this mechanism, the Universe first acquires a lepton

109
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number, or equivalently an initial B — L, via non-equilibrium decays of right-handed
neutrinos. In this mechanism, the decays of right-handed neutrinos must fall out of
equilibrium before the sphaleron processes become fast. Sphaleron processes then
transfer the lepton asymmetry to the baryon sector.

It has also been known for some time that C PT-odd perturbations can effectively
replace two of Sakharov’s conditions for baryogenesis: violation of C'P invariance and
the deviation from thermal equilibrium [37]. Indeed, a C' PT-odd shift in the ”mass” of
a SM fermion (e.g. top quark [82]), Amcpr would serve as an effective chemical shift
between baryons and antibaryons above the scale of the electroweak phase transition.
It is easy to see that a Amgpr/my ~ O(107°) effect for top quark would be required to
generate the observed asymmetry [82]. Unfortunately, at the level of the Lagrangian,
it is impossible to define a consistent ”C PT-odd mass” without breaking Lorentz
invariance. C'PT-odd mass would have to be identified with dimension three Lorentz-
noninvariant operators [54]. Given the strength of constraints on lower-dimensional
CPT /Lorentz noninvariant operators [40], one has to conclude that lower dimensional
operators cannot be a source of the observed baryon asymmetry.

The problem of C'PT-odd baryogenesis was readdressed in [38] and recently in
[83,84]. In [38] and [83] higher-dimensional C'PT-odd operators were suggested as
a source for baryon asymmetry, among other options. Suppose that a dimension

five operator that shifts the dispersion relations of baryons relative to antibaryons is
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added on top of the SM. Let us further assume that initial value for B — L is zero.
Then in the temperature range from 10'° to 102> GeV where the sphaleron processes
are in thermal equilibrium, the resulting baryon asymmetry will be determined by the
amount of C'PT violation in the theory. If C'PT-violating interactions are given by
a dimension five operator parametrized by 1/Acpr, the inverse energy scale of CPT
violation, the resulting baryon asymmetry at the sphaleron freeze-out (T ~ My, ) will
be given by

Ab T My,

}/;):—N

~ , 5.1
S Acpr Acpr ( )

where s is the entropy. It is clear then that Acpr < 102 GeV will be required to
produce an observable asymmetry. Given the fact that both low-energy data and
astrophysical constraints limit a typical scale Acpr to be higher than the Planck
scale, such scenario is completely ruled out.

In this dissertation we explore the idea of the C'PT-odd leptogenesis that is
capable of enhancing estimate (5.1) by many orders of magnitude. The main feature
of any leptogenesis scenario is the use of the lepton number non-conservation at
high temperatures that results in a non-vanishing B — L number that is preserved
by sphaleron processes [81]. One of the advantages of leptogenesis is that the most
natural way of mediating the lepton-violating processes is through heavy majorana
neutrinos, which also supply masses to the light neutrinos via the see-saw mechanism.

We assume that the mass Mpg of heavy right-handed neutrinos is large enough so that
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they have decayed at the temperatures of leptogenesis, but they still mediate lepton
number violating processes off-shell. These processes keep leptons in equilibrium until
the temperature decreases to the point where the Hubble rate I'y begins to dominate
over the lepton-violation rate [';. In the assumption that Yukawa couplings are on
the order of one, this moment in Universe’s history can be determined as

T3 T?

r — ~ T —
L & MIQ{ H MPl,

which gives an estimate for the temperature of the freeze-out for the B — L number:

Therefore, in the scenarios of C'PT-odd leptogenesis, one obtains the asymmetry
which freezes out at T' = Tr rather than at T = My :

My

Y, ~ .
1) MpAcpr

Obviously, for Mp ~ 10'® GeV one gets a great enhancement by Tr/My ~ 10° over
the C'PT baryogenesis scenarios (5.1) where B — L is zero.
In this chapter we explore the C'PT-odd leptogenesis scenario, determine the

required strength of the C PT-violating operators, and compare it with the existing
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laboratory and astrophysics constraints. For the reasons explained above, we con-
centrate on C'PT-odd interactions of mass dimension five. We introduce C PT-odd

operators into the fermion sector of the Standard Model [23] (see also Chapter 2):

Ly = > o™ -9D,Dyi (5.2)
1=L,E,Q,U,D

which cause an asymmetric shift of the dispersion relations for fermions and an-
tifermions. Here 7" is a symmetric irreducible Lorentz violating spurion field, that
can depend on the type of the SM fermions, and the summation extends over all fields
that carry the lepton or baryon number. The transmutation to the lower-dimensional
operators is protected by the irreducibility condition, n*, = 0. A zeroth component of

pvp

000 —
n; =

, M, = m; in the reference frame where the primordial plasma is at rest provides
an asymmetric shift in the dispersion relations for particles and antiparticles. This
way, positive Miepton Creates a surplus of antileptons over leptons in equilibrium which
is maintained when the rate for the lepton number violating processes is faster than
the Hubble expansion. It is notable that such C'PT-odd perturbations already allow
for potential leptogenesis with one flavor of heavy majorana neutrinos, whereas con-
ventional leptogenesis requires at least two flavors [81]. In the rest of this chapter, we
examine closely the kinetic equations for the L(B)-violating processes when C PT-odd

shifts (5.2), lepton-number violation and sphaleron processes are taken into account.
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We adjust the coupling constants 7 in (5.2) in such a way as to produce the observed
value of the baryon asymmetry and compare the results with the existing limits on
Lorentz violating interactions. We argue that the combination of bounds on LV from
observations of high-energy cosmic rays [31] and the low-energy clock comparison
experiments render the C'PT-odd leptogenesis scenario fine-tuned for models with

operators of mass dimension five (5.2), but allow it for higher-dimensional operators.

5.1 Reaction rates and Boltzmann equations

To demonstrate how the C'PT-odd leptogenesis works we consider a model with
only one heavy majorana neutrino. Its off-shell exchange mediates lepton number
violating processes that freeze out at the temperatures well below Mgr. At T > Ty
these processes maintain the equilibrium value for the lepton number asymmetry. In
this section we calculate the rate of the lepton number violating processes and include
it in the Boltzmann equations together with the sphaleron rate.

The mass term Lagrangian for heavy neutrinos reads as

L _ _
L = =5 MpNyNy + ho-LHNy + hl-NyH'Lo,  (53)

where Nj, are singlet majorana neutrinos and h, are the Yukawa couplings. We



5.1. REACTION RATES AND BOLTZMANN EQUATIONS 115

switch to Weyl spinors for convenience, in which the Lagrangian can be rewritten as
1 S _
Ly = —5 Mg (NN + NN) + h,-L,NH + h}-H'NL,, (5.4)

where index a runs over three different generations, and

Nq
N
Integrating out the heavy neutrinos, one obtains an effective lepton number violating

vertex:

Log = iHTL@HTL- +h.c (5.5)
) i, HLiH Lo +he, :

where Y, = h};hz. Substituting the vacuum expectation value for the Higgs field
in (5.5) creates a majorana mass term for light neutrinos. This interaction induces
lepton number violating processes which determine the lepton asymmetry until the
lepton freeze-out. Alternatively, we could step by the stage with the heavy right-
handed neutrinos and postulate (5.5) as a starting point in our analysis while taking
Y to be an arbitrary complex symmetric matrix.

Introduction of the C PT-odd interactions (5.2), as we know, leads to the mod-

ification of dispersion relations for the SM leptons and antileptons. Taking lepton
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doublets, we neglect the mass terms and find

ErL(p) = ol + mp®, Eilp) = ol — mp”. (5.6)

Equation (5.6) leads to a shift in the equilibrium number density of leptons

with the opposite sign of the shift for antileptons. Here g7 is the total number of
the spin, gauge and flavor degrees of freedom associated with electroweak doublets
L, and f is the inverse temperature. The difference,

ngt =it = —24mg(x*") 7", (5.7)

1

where 7 = L for now, represents an equilibrium lepton number induced by C'PT
violation in the lepton doublet sector. As stated in the beginning of this chapter, the
final abundance can be roughly estimated by evaluating the equilibrium density at
the temperature of the freeze-out. A more accurate answer, however, can be obtained
by analyzing Boltzmann equations in the presence of sphaleron processes and lepton
number violation.

There are two types of interactions induced by the effective Lepton-Higgs ver-
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L H L L

Figure 5.1: AL = 2 processes generated by the effective vertex (5.5).

tex [85,86], shown in Fig. 5.1. They generate the following processes relevant for

leptogenesis:

L + L «— H + H

L + H «— L + H,

with the same set of processes for antileptons. However, since the relevant part of the
CPT-odd interactions is time reversal invariant, the amplitudes for direct and inverse
processes are equal, and we therefore have only three different amplitudes, which we

call Arp, Ay and Apy. Denoting the corresponding reaction rates (per unit volume)
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by WLL, Wﬁ, WLH and WLH, we have

Wy, = / drydr dmpdm, (21)* 6% (p +q — k —7) | AL £24p) £2%q) ,
dmydrdmpdr, (2m)* S*(p+q—k — 1) |[A ]2 ) 79,

L

dmydn drydm, em)tétp+q—Fk—r)|ALg|? fp) f(q) ,

s
=
Il

— — —

dmydmydmidm, (2m)" ' (p+q —k —r) [Aggl? f2'(p) fi'(q) ,

where f;%(p) are the equilibrium distribution functions for Higgs fields and lepton
doublets. In a toy model where only the lepton doublets and Higgs fields are present

one can immediately write the Boltzmann equations for the lepton number density

as
n2 ng n-
(675 + 3FH] ngp = — 2WLL [(nchl)Q - 1] - WLE [n—(zq - n—el:]]
L
(5.8)
[8+3F]n—:—2W— i -1 - W L
t H L LL (n%l)z LH %l n;q

Here the Hubble rate is 'y = 1.66gi/ 212 /Mp, in terms of the total effective number
of degrees of freedom g,. The factor of two in the right hand side of (5.8) reflects
the fact that the LL processes change the number of leptons by two. An important
thing to note is that even though we could have modified the dispersion relations for

the Higgs field, its C' PT-violating parameter would not enter the equations for the
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lepton number density at tree level.
In order to generalize equations (5.8) onto the full set of SM fields, we introduce

the effective parameters of C'PT violation in the lepton and baryon sectors:

91N + 9ENE _9QNqQ + guMu + gpMp
m = ) M = ’ (59)
9. + 9k 99 + gu + ¢gp

where g; is the corresponding number of degrees of freedom in each sector. These
parameters enter (5.7) with i =[,b, and g, = g1, + gr, 9» = 9¢ + 9v + 9p-

As already mentioned, one also has to include sphaleron processes, which affects
one linear combination of baryon and lepton number densities. The main effect of
sphalerons is to wash-out B + L, while keeping B — L intact. Since the processes
we consider occur far above the electroweak transition, the sphaleron rate has linear
dependence on temperature [80,87]. In the presence of C PT violation, the sphaleron
contribution to the Boltzmann equation for n;, n, [80,88,89] should be modified for

the presence of the equilibrium baryon and lepton numbers (5.7):
O (mp+mn) = —Tgn (nb -—mt o+ - nfq] , (5.10)

where

Foon ~ wT, with w ~ 1075 .
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Equation (5.10) implies that B + L is washed out completely, and is somewhat sim-
plified relative to the realistic case. A detailed analysis shows (see e.g. [90]) that the
wash-out is only partial, with the final value of B 4+ L controlled by a nonzero B — L,
but we will employ the naive evolution equation (5.10), arguing that the corrections
to this equation are much smaller than the uncertainty with which w is known.

Next we make a well-justified assumption of smallness of the chemical potentials,
% = e/t ~ 1 4+ /T,

n;

which enables us to linearize the kinetic equations in p;. The kinetic equations for n;

take the following form:

(3t + 3FH] n = - [4WLL + QWLH] w/T — wT (,ul/T + Mb/T]
[at + 3PH] n, = [4Wﬁ + QWLH) w/T + wT [M/T + ub/T]
(5.11)

For the (anti)baryons the kinetic equations are the same except that there are
no contributions from the lepton number violating rates. A significant simplification
comes from the smallness of the chemical potential. There are two possible sources for
CPT-odd contributions to the reaction rates in (5.8): modified dispersion relations

and C'PT-odd modifications of thermal rates. The smallness of p;/7 allows us to
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neglect any C'PT-odd effects in the reaction rates in the right hand side of (5.8), as
they induce effects of the 2nd order in the C'PT-violating parameter. Therefore, we
take Wi = Wi and Wiy =Wry.

From the above equations we only need their difference, the actual lepton (baryon)
asymmetry. For convenience, we express the equilibrium number density in terms of

the unmodified number density n) = g; /7% - T3

0, i = w/T — 12pT.

We also introduce a dimensionless parameter v, by factoring out the dimensionful

parameters 7°/M% from the rate of lepton number violating processes,

TG

4WLL —+ 2WLF = ’}/M—%ﬁ s

so that ~ scales as the fourth power of the neutrino Yukawa couplings or the sum of



5.1. REACTION RATES AND BOLTZMANN EQUATIONS 122

the squares of the eigenvalues of Y ;:

3 2 3 o
7T o (Z|ha|2] :ﬁTr (Ydiangilg)- (5.12)

Expressing equations (5.11) in terms of Y; and changing variables from time to

temperature, we get:

d 06 prl
gzd—TYl = F T2 (gz(Yi + 12nT) + g(Ys + 1277bT)]
0.677'2’)/Mp1
+ TW (Yz + 12771T) (513)
gx R
d 0.6 QJMpl
porYe = T2 (gz(Yl +120T) + oY + 12an)] :

The quantity of ultimate interest is the baryon asymmetry at the present time (nor-
malized, e.g. on the photon number density, n, = s/7.04 [91]). Using s = %Q*T:*,
one can express the experimentally measured baryon to photon ratio via the asym-

metry Y} that enters (5.13),

45
ag = 7.04—4?}/,, ~ 06Y, = (61 + 0.3)x107', (5.14)
T Gx
where we use g, = 18 and g, = 106.75.
Note, that in the limit when the rate of sphaleron processes is very small, 'y, <

I'y (T'z is the rate of the lepton number violating processes), one can solve the kinetic
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equations exactly. Taking w — 0 in (5.13), we have:

d A Mp,

Ly, = Y + 12 T] . 5.15

T M3 (vi + 120 (5.15)
where we have introduced A = 0.6 7r2(gi/ 2 g1)"tv. A solution that corresponds to

n; close to equilibrium value at 7' > Ty has the following form:

m Mp,

Y, = —12
: A Mp,

- 1297, (5.16)

which provides us with the expression for the lepton asymmetry:

m Mp,
A MP] )

o= —12 (5.17)

The inclusion of sphalerons will diffuse approximately half of the lepton number yield

into the baryon number [80], so that Eq. (5.17) is also an estimate for the BAU.

5.2 The strength of C'PT violation derived from

BAU

In this section, we provide the numerical solutions to equations (5.13), determine

the required strength of C'PT violation and compare it with existing experimental
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constraints.
To solve the system of kinetic equations, one has to add proper initial conditions.
It is reasonable to impose these initial conditions at the temperatures where the

essential part of leptogenesis begins, which we take to be Mr = 10*® GeV:

Vly, = ¥ (5.18)

Y;’|MR = 0.

At high temperatures leptons and antileptons were in thermal and chemical equilib-
rium, which had a nonzero value of the lepton number defined by 7. This choice
is quite sensible since the freeze-out temperature Tr suggested by neutrino masses
is sufficiently smaller than Mpg. As for baryons, we impose symmetric n, = n; con-
ditions at high temperatures (10'° GeV), as there are no fast processes that would
bring Y} to the equilibrium position set by 7.

Since we chose to fix Mg, the only free parameters left are n; and 7, parametrizing
the strength of C'PT violation, and the neutrino Yukawa couplings. For the latter
there is some natural range suggested by the oscillations among the light neutrino
flavors. Introducing an “effective” neutrino mass that the kinetic equations (5.13)

depend on,

1/2 2 1/2
T _ 2 _ v |2
my = (E mui> = o, (E | Yiagl ) , (5.19)
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eH)Q

®f)2 js larger than any of the individual Am?, measured in the

we notice that (m 7

oscillations experiments. Thus, taking the largest of Amfj suggested by the oscillation

of atmospheric neutrinos, v/Am?2, ~ 0.05 eV [92] we find the following natural range

eff.

v -

for m

0.05 eV <m < 0.65eV, (5.20)

where the upper limit comes from the cosmological bound on the sum of neutrino
masses [93]. Defining the freeze-out temperature via the relation I'y (T%) = T'(Tr),

one can translate (5.20) to the realistic range of Tg:

102 GeV < Trp < 10" GeV . (5.21)

On the lower end of this range Tk overlaps with the sphaleron ignition temperature
Tiph, which is estimated to be of the order 102 GeV [94].

The final result of our analysis is a prediction for the strength of C'PT violation
in lepton and baryons sectors. Since equations (5.13) are linear in Yj, it is sufficient

to solve them numerically for two cases

m#0, =0 and =0, 7 #0,

and then using the experimental value of BAU, fix the values of 7, and 7, as functions
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Figure 5.2: C PT-odd parameters 7;, 1, necessary to generate the observed BAU versus
the effective neutrino mass. The left vertical line indicating the value of m¢f suggested
by the oscillation of atmospheric neutrinos and the right vertical line showing the
cosmological upper limit on m¢T [93], bound the phenomenologically viable domain
of mef,

eff
v

of m

Fig. 5.2 shows the resulting dependence of 1; on m¢¥ within a phenomenologically
viable range of m®® bounded by two vertical dashed lines. One notices that 7, does
not change much in the “physical” region. For 7-dominated scenario, in contrast,
the increase of 7 with m¢f is well pronounced. As expected, the lower mass m¢?
leads to a higher freeze-out temperature Tg, and thus lower m®® requires lower C PT

violating parameter 7; to get an observed value of BAU. Also not surprisingly, 7, and

7 required to reproduce BAU in our scenario have opposite signs.
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The lower end of the range (5.20) corresponds to a hierarchical scenario m?, m3 <
m3, with the tau-neutrino being the heaviest. The size of the C' PT violation suggested

by the C PT-odd leptogenesis in this case is found to be

m=9x10"% GeV™!, 5, =0 or m=0, ny=—15x10"2 GeV™"' (5.22)

This is the main prediction of our analysis.

Figures 5.3 and 5.4 illustrate the case of m¢T = 0.05 eV in more detail, by showing
the evolution of the baryon/lepton asymmetry as a function of temperature. When
C PT violation is concentrated in the lepton sector, see Fig. 5.3, the lepton asymmetry
follows the equilibrium value of the (lepton) asymmetry at high temperatures to freeze
out below 10** GeV. When CPT violation is given by 7, the asymmetry Y; starts
from zero, overshoots the equilibrium curve just above 10 GeV, to freeze out at

lower temperatures.

5.3 Comparison with experimental constraints on

C' PT violation

Now we are ready to compare our predictions for C' PT-violation (5.22) with the

experimental constraints on it. The modification of dispersion relation by dimension
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Figure 5.3: Lepton asymmetry (solid line) and equilibrium lepton asymmetry (dashed
line) driven by CPT violation in the lepton sector for m¢® = 0.05 eV as function of
temperature. The amount of C PT violation is fixed to 7, = 9 x 1072° GeV ™! to yield
the observed value of baryon asymmetry. The final low-temperature plateau of —Y;
equals to the baryon asymmetry Y;. The dotted lines correspond to m®® = 0.07 eV
and 0.10 eV, and demonstrate the approach to the equilibrium curve with the increase
of mass m¢?
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Figure 5.4: Baryon asymmetry Y, and equilibrium baryon asymmetry vs temperature
with C'PT violation concentrated in the baryon sector. The parameters m®® = 0.05
eV and n, = —1.5 x 1072 GeV ™! are chosen to match the observed asymmetry.
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five operators has been discussed at length in the literature. Below we list a set of
relevant constraints on dimension five operators in the fermionic sector of the SM and

comment on their applicability:

na — g — 0.5(1y — ng)| < 107 GeV™', [23,95]
ncl, Insl < 107 GeV™', [96]
|, [ne| < 107% GeV™! . [31]

The first constraint arises because the axial-vector-like combinations of n; in the quark
sector lead to the coupling of the nucleon spin to a preferred direction. In models
where the preferred frame is associated with the rest frame of the cosmic microwave
background, the net spin energy shift is proportional to the velocity of the lab frame
v~ O0(107%), Ajepni(v-s), which is to be compared with the experimental sensitivity
1073" GeV [26,75]. The low-energy constraints on lepton operators are considerably
weaker [23]. The strongest constraints on dimension five C PT-odd operators in the
lepton sector come from considerations of p — pll processes that become energetically
allowed and prevent acceleration of protons to energies of ~ 10! eV. It is important
that constraints [31] are double-sided, which is the consequence of asymmetric mod-
ification of dispersion relation for leptons and antileptons (5.6).

The strength of C'PT violation in the lepton sector derived from the baryon
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asymmetry (5.22) is consistent with the astrophysical bounds on C'PT-violating QED
[96], but appears to be grossly inconsistent with [31]. In fact, typical constraints on
dimension five operators [31] derived from the existence of the high-energy cosmic rays
appear to destroy any hopes for the C'PT-odd baryogenesis, even if the scale of T is
pushed all the way up to the Planck scale. It is easy to see, however, that this is not the
case. If C PT-odd sources in the quark sector dominate over the lepton sources by a
factor of 20-30, strong constraints on C'PT violation might be avoided. If, for example,
among the C'PT-odd sources the right-handed up quark has the largest modification
of its dispersion relation, the energetically favored process p — ATt7~ allows the
ultra high-energy cosmic rays to exist in the form of ATt an option which cannot
be observationally ruled out [31]. It is very important to observe that the negative
sign of ny suggested by BAU (5.22) is exactly the sign of ny needed for p — A**7~
to happen at high energies. Nevertheless, the required size of ny, ny ~ —(1072% —
10722) GeV ™! appears to be in sharp conflict with the low-energy constraints [23,95],
and at least four orders of magnitude tuning for dimension five sources is needed.
This consideration shows an important complementarity between the astrophysical
bounds on Lorentz violation and low-energy searches of the breakdown of rotational
invariance.

We can extend our analysis to theories where C' PT violation comes from operators

of dimension seven, nine, etc., should for some contrived reasons lower dimensional



5.3. COMPARISON WITH EXPERIMENTAL CONSTRAINTS ON CPT
VIOLATION 132

operators be absent. We note that to sufficient accuracy, the resulting BAU will
be determined by the equilibrium lepton asymmetry at the freeze-out time, (" T,

n® T3, where n™ parametrize the strengths of the higher dimensional operators:

L o= Y n%) 0y Dh.D"y.

As before, the transmutation to lower-dimensional operators can be forbidden by the
irreducibility of 7™ tensors.

The low-energy constraints on dimension seven and higher C'PT-odd operators
are totally irrelevant, as the possible influence on the nucleon spin is suppressed by
extra power(s) of (Agep/Acpr)?. The constraints coming from the propagation of
the high-energy cosmic rays are harder to avoid, as their relative strength scales down
as (Emaz/Acpr)?, where E,,,, is the maximal energy of the high-energy cosmic rays
E e ~ 1012 GeV. In fact, since the decoupling temperature Tx can only be marginally
larger than 10'2 GeV, the C'PT-violating sources of dimension seven in the lepton
sector allowed by the cosmic rays would not be able to produce the required size
of the baryon asymmetry. However, the same loophole with the stability of A** at
high-energies exists for the dimension seven operators, and the right-handed up-quark

C PT violation at the level of

i = —[(10'7 — 10'®) GeV]® (5.23)
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results in the right magnitude of BAU while avoiding all experimental constraints on

Lorentz and C'PT violation.

5.4 Discussion

We have seen that the presence of C'PT-odd interactions is theoretically capable
of replacing two of Sakharov’s conditions of baryogenesis: non-conservation of C'P
symmetry and departure from thermodynamical equilibrium. The reason for this is
that non-zero lepton (or baryon) asymmetry can develop even in thermal equilibrium
if the C'PT-violating shifts of dispersion relations for particles and antiparticles and
fermion number violating processes are operative at the same time [37]. In this
chapter, we considered in detail the idea of leptogenesis driven by CPT-violating
sources in the fermionic sector of the Standard Model. In this scenario, the generation
of the B — L number occurs at temperatures of about 10'2 — 10'* GeV, which results
in a huge enhancement of the asymmetry as compared to the C'PT-odd electroweak
baryogenesis scenario, where B — L = 0 and the equilibrium value for B + L is
maintained until the electroweak breaking, 7" ~ 100 GeV. Consequently, the C'PT-
odd leptogenesis requires only trans-Planckian size of C'PT violation, n; ~ 107% —
1072 GeV ™.

We believe that this is the minimal level of C'PT violation required to reproduce

the observable asymmetry. Lower levels of C' PT-breaking may generate BAU only at
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the expense of raising the decoupling temperature for B — L processes, to the range of
the e.g. GUT scale. Models with such a high initial temperature possess very serious
cosmological problems of their own related to the overproduction of dangerous relics
(monopoles, gravitinos), and are difficult to incorporate into inflation.

The most natural models of C'P-odd leptogenesis require two heavy neutrino sin-
glets to work. We have shown that one species is perfectly sufficient for the C PT-odd
scenario. In fact, one could take an even more conservative approach and associate
the majorana masses of light neutrinos with the effective Lorentz-conserving interac-
tion (5.5) without specifying its origin. The C'PT-odd leptogenesis in this case will
proceed exactly as described in this chapter, as long as (5.5) remains unsuppressed
at high energies. As a consequence of the reduced heavy sector, the connection to
the phenomenology of light neutrinos becomes more direct. As shown, the rate of
the lepton-number violating processes is directly proportional to the sum of the mass
squared of all light neutrino species.

Confronting the predicted size of C'PT-violation with the existing experimental
and astrophysical constraints we find that both the low-energy precision searches of
preferred directions and the astrophysical constraints derived from the existence of
charged high-energy cosmic rays put severe constraints on C'PT-odd leptogenesis.
The latter, being especially stringent, rules out a possibility of C'PT-odd leptogenesis

driven by 7; when 7, = 0. The inverse case, n; = 0; 1, # 0 cannot be ruled out from the
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astrophysical considerations, as the bounds would not apply if e.g. the C'PT violation
is concentrated in the right-handed up-quark sector. In this case, however, one should
expect sizable effects in the clock comparison experiments. Current sensitivity to such
operators is at the level of 10727 GeV ™', and thus would require at least four orders
of magnitude fine-tuning to make (5.22) evade the bounds.

The C PT-odd interactions that modify dispersion relations represent a relatively
small subset of dimension five C'PT-odd interactions, see Chapter 2. Is it feasible
that other operators could drive (baryo)leptogenesis while evading strong astrophys-
ical and laboratory constraints? If physics responsible for C PT violation preserves
supersymmetry, operators that modify dispersion relations are simply not allowed,
(see Chapter 4 for details). Instead, a different class of CPT-odd operators may
appear:

Ly, LH'H, Qv,QH'H, etc. (5.24)

When the lepton or baryon number is calculated in equilibrium, such operators will
create an effective chemical potential that grows with temperature, u ~ T2¢, where
¢ parametrizes the strength of C'PT violation. The easiest way to see that is to con-
sider the thermal field theory correlator between the baryon/lepton number density
and such C'PT-odd operators. Inside a thermal loop, the Higgs field bilinear will
produce T2, and the scaling of the effective chemical potential with temperature will

be exactly the same as in the case of 7; operators. Although operators (5.24) do not
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influence the propagation of the high-energy cosmic rays, they have a phenomenologi-
cal ”problem” of their own, as we discussed in Chapter 2. Inside loops such operators
create quadratic divergencies and generate dimension three C'PT-odd operators pro-
portional to the square of the ultraviolet cutoff. In the most UV-protected case, the
role of this cutoff is assumed by the supersymmetric soft-breaking scale. Still, the
strength of typical constraints derived in Chapter 4 is on the order of 10_10Ml§11,
making the scenario driven by (5.24) fine-tuned below 1 ppm level. Finally, what
if C'PT-violation is concentrated in the heavy right-handed neutrino sector? Phe-
nomenology of such model was addressed in [97], where it was shown that loop effects
reintroduce C'PT violation in the sector of charged leptons. Upon integrating out
heavy neutrino fields, one produces operators similar to (5.24), and therefore such
possibility is also fine-tuned.

Our main conclusion is that the natural levels of C'PT /Lorentz violation sug-
gested by the CPT-odd (lepto)baryogenesis scenario are 1073 — 1075 in the Planck
mass units, which is well within the ranges already disfavored by the laboratory ex-
periments and observations of the high-energy cosmic rays. Of course, our analysis
assumes that the strength of the C'PT-odd source was essentially the same in the early
Universe and today. It is of course conceivable that dynamical effects could have been
responsible for the C'PT breaking at high temperatures, sourcing the baryogenesis,

with relaxation of C' PT-breaking sources to zero at the later stage [98].



Chapter 6

Conclusion

The Effective Field Theory approach to Lorentz violation has been attracting espe-
cial interest of physicists in the last few years. One of its indisputable properties
is the richness and specifics of phenomenology. In the literature, various problems
and applications of LV have been considered, such as its implications for neutrino
physics, Lorentz violation in theories with Gravity, dynamical breaking of Lorentz in-
variance, Lorentz violation in cosmological settings, implications from astrophysical
observations, Lorentz violation in condensed matter physics and models with finite
temperature, LV in brane physics and in Quantum Gravity, Lorentz violation in non-
perturbative physics and in physics with extra dimensions, and a consideration of all
sorts of predicted physical effects. One can say that Effective Field Theory provides

a unifying framework for studying Lorentz violating physics in different phenomeno-
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logical applications.

In this dissertation, we have presented a few problems involving LV physics, where
we intensively used the EFT approach. In Chapter 2 we have considered the problem
of classification of dimension 5 LV interactions in Quantum Electrodynamics and in
the Standard Model. At this mass dimension, such a classification, together with
basic phenomenological constraints is given for the first time. Let us list the main

results of this project:

e We have obtained a list of all operators in QED consistent with EFT, identified
the interactions which can transmute into lower dimensional operators, and
computed the RG equations for those operators that are protected from such

transmutation.

e We classified all LV interactions in the Standard Model, and divided them
into three groups; the first group is the “unprotected” operators which suf-
fer the above mentioned transmutation problem; the second group consists of
“protected” operators which grow with the energy and therefore named “UV-
enhanced”, where the constraints on UV-enhanced interactions come from as-
trophysical observations and reach the 1073334 GeV ™! level; and the third
group is comprised by all other operators which we call “soft LV interactions”,

the constraints for which come from precision experiments and have a typical

order of 1072830 GeV L.
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We provided a similar classification of LV interactions in a supersymmetric ex-
tension of QED in Chapter 4. SQED has very favorable features from the point of
view of Lorentz violation, one of which is the absence of lower-dimensional LV interac-
tions. Thus, the operators in SQED are protected from dimensional transmutation by
supersymmetry. Even if supersymmetry is broken, the quadratic divergencies which
arise when dimension three terms are generated are stabilized at the SUSY break-
ing scale. The total number of LV operators in supersymmetric theories is greatly
reduced compared with the Standard Model, and that allowed for a comprehensive

analysis of loop effects. Listed below are the most important results of Chapter 4.

We classified all dimension five and six operators compatible with SQED; we
have confirmed that such interactions do not induce UV modifications of dis-

persion relations [24].

e We showed that LV interactions do not cause a D-term or gauge anomaly in

SQED.

e We proved that a Chern-Simons term is absent in LV SQED due to the reason
that it is not compatible with supersymmetry; even when supersymmetry is

softly broken we have showed that it is absent at loop level.

e We derived the one loop effective action in the case of softly broken SUSY and

obtained the observational constraints on the original LV operators; absence of
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fine-tuning results in limits of the order 1072 /Mp on dimension five operators.

In Chapter 3 we have considered the subsector of LV Standard Model which
induces EDM-like interactions. At mass dimension five level, such interactions are
odd under C'PT conjugation and thus possess unique signatures which can be used
to identify them in experiment. Analysis of these interactions is also valuable for
providing independent constraints on Lorentz violation. Below are summarized the

results of this part of our research:

e We classified all CPT-odd EDM-like interactions in LV Standard Model (c.f.
Chapter 2), which includes tensorial interactions; we showed that the corre-

sponding interactions in the right-handed lepton sector are suppressed.

e Using the known experimental limits from EDM searches, we constrained the

scale of C PT-odd physics to be higher than 102 GeV.

o We exhibited patterns which can help disentangle C PT-odd EDM contributions
in EDM search experiments; the EDM of electron and Schiff moments of nuclei

are expected to be suppressed relative to the neutron EDM.

In Chapter 5 we considered an application of LV physics to the problem of Lep-
togenesis. In this case, Lorentz violation seems to be an attractive candidate of

solving the problem of BAU, by naturally having an asymmetry between baryons
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and antibaryons (or particles and antiparticles in general). The simplest baryoge-
nesis scenario, however, is ruled out by tight constraints on the baryon LV sector.
A realization of C'PT-odd leptogenesis has some direct advantages compared with
baryogenesis. In this scenario, the lepton asymmetry of the universe is created in
equilibrium by processes involving right-handed neutrinos, which violate lepton num-
ber, in conjunction with C'PT-odd interactions which shift the equilibrium lepton
number from zero. Lepton asymmetry is then transferred to the baryon sector by

sphalerons. The main results of this project are:

e The resulting lepton (or baryon) asymmetry is determined by the freeze-out
temperature of right-handed neutrino-mediated processes, which yields a great
enhancement in comparison with C'PT-odd baryogenesis realized at the elec-

troweak scale.

e As a result, the operators of magnitude 7; ~ 1072>=2* GeV™' could produce
the observed amount of baryon asymmetry (where i = [, b corresponds to LV in

lepton and baryon sectors correspondingly)

e Current astrophysical constraints on 7; rule out the scenario where LV is con-
centrated in the lepton sector only (1, # 0, 7, = 0); similar constraints for the
baryon sector LV (1, = 0, 7, # 0) are also strong, but they are not applicable

if LV is concentrated in the up-quark sector only; in this case, table-top ex-
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periments provide significant insight and show that a fine-tuning of about four

orders of magnitude for the 7, operator is required.

Concluding, we have put upfront the task of classification as one of the most
important. Indeed, all predictions of LV physics that are potentially observable are
related to the Standard Model sector, if gravity is not taken into account. Classifi-
cation of LV interactions can answer many questions, such as whether a given UV
theory with broken Lorentz invariance is consistent with observations, or if it has
problems even at the conceptual level (such as producing divergent operators). In
this sense, the classifications of LV in the Standard Model and Supersymmetric the-
ories presented in Chapters 2 and 4 are compelling, as they form a bridge between
certain types of UV theories and phenomenology. We have provided a complete list
of effective LV operators, i.e. a convenient basis that can be used for determining the
phenomenological properties of a given theory, and even for obtaining the simplest ex-
perimental limits on its LV parameters. We have seen that recent experiments have a
tendency to seriously constrain UV scenarios where Lorentz invariance is broken (the
strength of constraints sometimes reaching 107230 GeV™'). This does not exclude
them per se, but makes it hard to believe that they have a sensible effective IR limit.
In the future, one expects the laboratory constraints to tighten, as the accuracy of

experiment is improving.
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Appendix A

RG equations for Dimension Five
operators which modify dispersion

relations

We list one-loop RG equations for LV operators which modify propagation of parti-
cles, i.e. those which couple to absolutely symmetric tensors. Although the set of
such interactions in the Standard Model is not diverse, the equations appear to be
complicated. The notations for the operators are introduced in section 2.2.2. All
operators bear three indices u, v and p which we omit for brevity.

In what follows, Yx are the hypercharges of the corresponding particles; A\x are

Yukawa coupling matrices for species X; ¢, g and g3 are correspondingly the U(1),
g
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SUL(2) and SU¢(3) gauge coupling constants; we introduce

5/3Ng + 1/8
o = 5
o
N __19 — 8N,
2= 4872
5 — 4/3Ng
W= g

which are are the gauge wavefunction renormalization coefficients for the Standard

Model, where N, = 3 is the number of generations; we also use the following notations:

. NZ -1
Nw = 2 (dim fund SU(2)) Ty = N
w
NZ — 1
Ng = 3 (dim fund SU(3)) Ts = SQT '
s

Below we present the RG equations for UV-enhanced LV operators above the EW

symmetry breaking scale. The Wilson coefficients are assumed to be flavor matrices



151

given in the gauge basis.

d 25 1
70 = @™V + ¢’Tw) O + 5 {AA, Ci}
5 5
+ 489 2Y2 CU( ) lgavor + 489 2TW CSUL(Q) - 1gavor
- 96 - 64
L e = (V2 + Ty + ¢OTS) Cop + — {2l + AL, Col
dt 9 4872 \7 @ S e 7 R Y R
59" 59°
+ 487T2YQ CU() lgavor + 48T ZTWCSUL(Q) 1gavor
)
+ 48‘?7?2 TS CSUC 1ﬂav0r
1 1
— 5o (M0, + MO = 5 (M - )
d 259"
%Ce - 4872 Y:BQ Ce + 1672 {)‘Z)‘e: Ce} (Al)
5912
- * Lavor f )\e
ggm e Cvl) -1 872" T e
Loy = B (V2 + gT) ¢ + A, C)
dt “ 4872 355 u 1672 u M Yu
5 592
- 457-‘-2 UQCU( ) lﬂavor AST 32 TS CSUC(3) * 1avor
1l _ T
- 2/\ CoAu 3o 2)‘u)‘u K
d 25
3G = gz 00+ Ts) Co + s {)‘T”\d’ C“}
- 45 2Y2 C1U( ) lgavor — A8T 32T5 CSUC(3) - 1gavor

- L oM +



152

The analogous RG equations for the gauge LV operators take the form:

d 12

— NyY20, — Nsyfcd] + a1 g?Cu(1)

d g°
ECSUL@) = —th“ (CL + Ng CQ] + (ang + 12W2ng2) - Csuy(2)
¢ ggt(20 Cu = Ca) + (A.2)
— = — r — Cy — :
dt SUet®) 19272 q d
7
+ (04399% + TWQNSQ:J%) - Csug(3)
d 5
a7 12n2 [(¢)*Yi + o*Tw] - &

1
gt [AeAg + Ng A AL+ NsAdAL] K

ot [NS)\LC’QAd + MO = NeALCg Ay —

— NgAgCy A — A C A+ NgA, O, N
d [ u

We observe that mixing of RG operators is quite noticeable between all sectors of the

Standard Model.
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The RG equations for UV-enhanced LV interactions below the EW scale read as:

d

—C, = 0

dt

d
—C,5 = 0
dt "

d 25e?

do _ %€

dt 4872

d 25e? 5e?
—Ce = -5 Ue C -1 avor
dt °° 4872 &P + A8z EM A

d 25 9 9 9

—-C, = — T C. A3
i’ 4872 (@ue® + Tigs) (A.3)
iC'u5 = ﬂ (q262 + TSg??) Cu5 + = (q262 Cem + g;TS CSU (3)) * Lavor
dt " 4872 V¢ ’ 4872 M ¢

d 25 9 9 9

%Cd = 82 (g5¢* + Tsg3) Cq
iCdg, - B (g3€> + Tsg3) Cas + (¢5€* Cam + 95Ts Csue(3))  Laavor
dt ™ 4872 ’ 4872 c
for matter operators, and

L oo = thr[C + Ngg2C +N20]+e2a C
i EM = 4872 e,5 Sy Cus 543 Cas EM EM
d 9

n CSUC(?’)

dt 1272

7
96,2 tr [Cu,5 + Cd,S] + <0é3 + —NS) 93 - Csue (A4)

for gauge LV interactions. Here the flavor matrices of the Wilson coefficients are given

in the mass basis. Below the EW scale we have done an obvious transition to

Il
S
I
2
(S48
@D
—+
o

2 EW 2 “lEW
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We have denoted the electric charges by gx, and introduced

1 2
M = szqia

species

which is the wavefunction renormalization coefficient for the electromagnetic field.
Here the sum runs over all species existing at the given scale p.
Although the RG mixing in Egs. (A.3), (A.4) is not very considerable, we again

emphasize that the operators effectively mix above the EW scale, see Eqgs. (A.1),

(A.2).



Appendix B

Young tableaux and irreducible

tensors of the Lorentz group

To build irreducible tensors of an arbitrary rank one can use the Young tableaux. We
describe here a recipe how to expand a tensor of a specific rank into its irreducible
components’. In the text we most extensively exploit rank three tensors, which we
here now use as a non-trivial but rather simple example.

For a tensor of rank r one builds all possible numbered Young tableaux consisting
of r boxes. For each tableau one builds an irreducible component by (anti)symmetrizing
its indices as described below. After that, to make a component truly irreducible,

one has to subtract from it all its g"”-traces.

! For more details, the reader is referred to [99].
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For each numbered diagram, one builds a tensor such that each number corre-
sponds to an index (e.g. for 77  one could identify 1 — pu, 2 — v, 3 — p). Indices
whose numbers form horizontal rows in the diagram are symmetrized. Indices which
form vertical columns are antisymmetrized. Symmetrization always occurs with re-
spect to the name of the index. Antisymmetrization is always done with respect to
the position of the index (in this case the number not always corresponds to one and
the same index).

As an illustration to what have been said, we build the diagrams for a tensor

TP, One finds four different Young diagrams which can be built out of three boxes:

The first diagram corresponds to an absolutely symmetric component of the ten-

SOr:

— g = Tlwe) — R L VPR L TPRY | TRV 4 TPVE | TVHP

The second diagram is the absolutely antisymmetric component:

—y  AMvP — Tlwvel _— uve 4 TVPH L TTPHV. _ THPV PV YRR
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The two “corner” diagrams generate, correspondingly,

2| R THP — TWP _ TR 4 TV _ TR

and

3]

N THvP — THYP _ YRR | TPVE _ VPR

All four components of (B.1) (weighed by appropriate coefficients) sum into the

original tensor T*"°:
14 1 14 14 vV vV
T“f’:g(S“”+A””+2T1’“’+2T2’“’] . (B.2)

The last step to perform is subtract from each component all traces obtained
by contraction of any two indices which are not antisymmetrized (contraction of
antisymmetrized indices is trivial). The solution can be sought by means of a tensor
of a rank less by two:

TrE, = T/ — alg"™ + afg™ + ..., (B.3)

(irr) i

where T!*? is the i-the component obtained from the corresponding Young tableau.
The trace part in the r.h.s. of (B.3) should possess the same symmetries as T!"” so

as to promote these symmetries to the L.h.s. Contracting any two indices in equation



158

(B.3) and requiring the result to vanish one can obtain the explicit expression for the

trace af. For the tensors listed in Eq. (B.2) one obtains:

Sﬁff; — Qe _ é [b“g”p + gt + nglW] , b= SuM’

Awe = A (B.4)
w, = - g (e - 2ae) Ly = T T
iy = T o (e - 2] = T - T

These arguments are easily generalized to tensors of arbitrary ranks.



Appendix C

Reduction of chiral LV operators

on equations of motion

The component expressions for LV terms in the chiral sector are given in (4.44). They
can be transformed further by eliminating the auxiliary fields and higher derivatives

via the equations of motion. Writing the result in terms of Dirac four-spinors, we get
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the following rather lengthy expression:

Ni1 NE1 —
i“\?tter = ~ 4e\I!eu,jpaF””fy”‘Il ﬁvze‘lleu,,paF’”’y”ff\IJ +

Nir1 1
+ ﬁ[—zeD”er €upeFP 21 + ¢ (z+FWD zy + D'z4 FWZJF)
— % 62 (DN2+ 2y — Z+DMZ+) {272, — 2+Z+}] +
N# 1 1
[— 57262,6“,,[,0.17"”7),,2, -5 (Z_FH,,D”E, + DVz_ FN,,E,>

— %(52 (DNZ_E_ — z_DNE_) {2_2_ — E+z+}] —

N = N* ~ _
— ﬁe%@ MAY Az, — ﬁeQ,z_ MY NE- —

- —= —ce (EVVV“PR)\ D,z + D,z X’y“’y”PﬁI’) +

M 2
+ %ge (D,,z, My PRU 4 Uy’ ~# Pp ) Duzf) +
+ Nﬁﬁ\f (\IIPRD Azy + Z DA PV ) - (C.1)
_Nﬁug (= DX Pa¥ + TP DAZ ) +
+ %; ‘I’VM‘I’{ - 5+Z+} +
+ ]\jf\‘/—/[“ ;e Wryk 75\If{z Z_ — z+z+} -
— %gie(mﬁv“ﬂﬁ_ — mez—XVMPL\I’) +
%ﬁ e(meT’y“PR/\Z+ — MeZy Xv"PR\I!> +

N N _
+ %mmeme (Z:Duzy + 2-D7-) + %meme Ty
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The first, second and the last term in (C.1) enter the reduced Lagrangian (4.46)
that involves only electrons, positrons and photons. A rather lengthy form of (C.1)
and a large number of diagrams that these interactions can create underlines the
superiority of the superfield method over the component calculations for all processes

with momenta larger than m.



Appendix D

SUSY Conventions and Notations

Our notations for the superfield formalism are based on Wess & Bagger [55]. Covariant
derivatives and hermitean conjugation are taken from [100] with a proper adaptation.
We use the (— + ++) metric signature. All spinor algebra definitions can be found
in [55], and we list here only some minor conventional departures. Unlike in [55],
we denote the space-time Lorentz indices by letters from the middle of the Greek
alphabet: v,, 0,, N*, etc, as it is normally accustomed in QFT. Spinor indices are
taken, also as commonly accepted, from the beginning of the Greek alphabet: 6%, €g,,

;. Spinor derivatives are designated as
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We use a notation with a slash in the case where a Lorentz vector is contracted

with a o-matrix, or a y-matrix:

p = v'o,, Z:A“Eu, n = nty, .

For switching from Weyl to Dirac spinors we followed the notations of [101]. Weyl
representation for Dirac spinors is the most appropriate in this case, where two Weyl

spinors combine into one Dirac spinor:

&a X

=]

Q.
‘aal
R

For complex conjugation, we use the notion of hermitean conjugation defined
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in [100]. When translated into the Wess & Bagger notations, it implies

(o)t = Vs, (W) = 9",
o = B4, o = —0,,
Dt = —D,, Vo)t = =Vs4,
Wi = W,

Finally, the expansion of the chiral superfields of SQED in components is defined

as

by = 24 + V20 + 0*F,

while the vector superfield in the Wess-Zumino gauge is given by

_ _ _ 1 -
V. = —00"0A, + i0’0X — 070\ + 50202D.



