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Fermions with Lorentz-violating operators of arbitrary dimension
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The theoretical description of fermions in the presence of Lorentz and CPT violation is developed. We
classify all Lorentz- and CPT-violating and invariant terms in the quadratic Lagrange density for a Dirac
fermion, including operators of arbitrary mass dimension. The exact dispersion relation is obtained in
closed and compact form, and projection operators for the spinors are derived. The Pauli Hamiltonians for
particles and antiparticles are extracted, and observable combinations of operators are identified. We
characterize and enumerate the coefficients for Lorentz violation for any operator mass dimension via a
decomposition using spin-weighted spherical harmonics. The restriction of the general theory to various
special cases is presented, including isotropic models, the nonrelativistic and ultrarelativistic limits, and
the minimal Standard-Model Extension. Expressions are derived in several limits for the fermion
dispersion relation, the associated fermion group velocity, and the fermion spin-precession frequency.
We connect the analysis to some other formalisms and use the results to extract constraints from

astrophysical observations on isotropic ultrarelativistic spherical coefficients for Lorentz violation.
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I. INTRODUCTION

The invariance of the laws of nature under Lorentz
transformations is well established, being based on an
extensive series of investigations originating in classic tests
such as the Michelson—Morley, Kennedy—Thorndike, Ives—
Stilwell, and Hughes—Drever experiments [1-4]. Interest in
precision tests of relativity has experienced a renewal in
recent years, following the realization that tiny departures
from Lorentz invariance could arise in a fundamental
theory such as strings [5]. During this period, experiments
using techniques from many subfields have achieved
striking sensitivities to a variety of effects from Lorentz
violation [6].

The general framework characterizing violations of
Lorentz invariance is the Standard-Model Extension
(SME) [7,8], which is a realistic effective quantum field
theory incorporating General Relativity and the Standard
Model. Terms in the SME violating CPT symmetry also
violate Lorentz invariance [9], so the SME also characterizes
CPT violation. Each Lorentz-violating term in the SME
action is a coordinate-independent scalar density involving
a Lorentz-violating operator contracted with a controlling
coefficient. The mass dimension d of the operator fixes the
dimensionality of the corresponding coefficient. In the
popular scenario with General Relativity and the Standard
Model emerging as the low-energy limit of an underlying
theory of quantum gravity at the Planck scale Mp ~
10'° GeV, terms with larger d can plausibly be viewed as
higher-order corrections in a series approximating the
underlying physics. Other scenarios can also be envisaged.

The focus of the present work is Lorentz violation
in fermions. The realistic nature of the SME means that
it can readily be applied to analyze observational and
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experimental data, but existing studies of Lorentz violation
with fermions are primarily concerned with the minimal
SME, obtained by restricting attention to operators of
renormalizable dimensions d = 4. To date, the minimal
SME has been adopted as the theoretical framework in
searches for Lorentz violation in the fermion sector involv-
ing electrons [10], protons and neutrons [11], muons [12],
neutrinos [13], quarks [14], and gravitational couplings of
various species [8,15]. Discussions in the literature of the
nonminimal SME fermion sector are more limited. The
general structure and properties of the nonminimal neu-
trino sector have been investigated [16], and results are
known for some special nonminimal SME-based models
[17-21], including ones with nonminimal fermion inter-
actions [22]. However, a complete description of the
nonminimal SME fermion sector remains an open issue.
In the present work, we seek to address this gap in the
literature by extending the existing treatment of nonmini-
mal Lorentz violation to include quadratic fermion opera-
tors of arbitrary mass dimension d, thereby opening the
path for additional searches for Lorentz violation. To
achieve a reasonable scope, we restrict the analysis to flat
spacetime with a Dirac-type action invariant under space-
time translations and phase rotations, so that energy, mo-
mentum, and charge are conserved. This scope suffices for
applications to many experimental situations involving
fermions and can be applied to studies of matter following
methods used in the minimal sector [23]. It also serves as a
basis for further theoretical investigations of foundational
aspects of Lorentz violation, including mathematical
topics such as the underling pseudo—Riemann-Finsler ge-
ometry [24] and physical issues such as causality and
stability [25,26], where operators of large d can dominate
the associated physics. Other applications are expected to
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include phenomenological topics such as radiative correc-
tions in Lorentz-violating models, where loop processes
involving terms of a given d can naturally induce effective
operators of different dimensions. Our results are also
potentially relevant for some proposed theories naturally
generating effective field theories dominated by SME
operators of dimension d >4, such as supersymmetric
Lorentz-violating models [27] or noncommutative quan-
tum electrodynamics [28], in which the corresponding
SME operators have d = 6 [29].

The primary goal of this work is to develop the quadratic
nonminimal SME fermion sector to the point where prac-
tical applications become feasible. This requires extracting
key information from the general SME action, including
basic features of fermion behavior in the presence of
Lorentz violation. Typical applications are expected to
involve measurements of aspects of fermion propagation,
such as times of flight or spin-precession rates, and studies
of fermion energy levels in systems such as atoms. The
former require characterizing the anisotropy, dispersion,
and birefringence in fermion propagation, which can con-
veniently be addressed via the dispersion relation, while
the latter can be addressed by studying induced level shifts
using the perturbative Hamiltonian for Lorentz violation.
Here, we obtain the exact dispersion relation and the
perturbative Hamiltonian, and we develop a methodology
to study the corresponding effects using a decomposition in
spherical harmonics. This permits a classification of all
observables in terms of four sets of coefficients for Lorentz
violation having straightforward rotation properties, which
is expected to simplify future experimental analyses.

This paper is organized as follows. The general qua-
dratic action for a Dirac field is studied in Sec. II. The basic
framework is reviewed in Sec. II A, while the role of field
redefinitions in determining physical observables is deter-
mined in Sec. II B. The exact vacuum dispersion relation is
obtained in a closed and compact form in Sec. I C, and
some of its physical properties are described in Sec. I D.
Covariant projection operators for the spinor solutions to
the modified Dirac equation are presented in Sec. Il E. We
then turn to the construction of the Hamiltonians for par-
ticles and antiparticles, deriving expressions for both in
Sec. IIT A and converting them to explicitly covariant forms
in Sec. III B. Taking advantage of the approximate rota-
tional symmetry relevant for many applications, we per-
form in Sec. IV a decomposition of the Hamiltonian in
spin-weighted spherical harmonics. This calculation yields
a complete set of observable coefficients for Lorentz viola-
tion, cataloged according to properties of the corresponding
operators. We develop the isotropic limit for the perturba-
tive Hamiltonian and present the general isotropic Lagrange
density for operator dimensions d = 3, 4, 5, 6 in both
Cartesian and spherical coefficients. In Sec. V, we turn to
a description of various special cases of the framework,
including the nonrelativistic and ultrarelativistic limits and
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the minimal SME. Section VI contains applications of the
results to dispersion, group velocity, and birefringence,
along with a discussion of connections between the non-
minimal fermion sector of the SME and other field theoretic
and kinematical results in the literature. We also provide a
compilation of existing astrophysical limits on isotropic
Lorentz violation translated into constraints on spherical
SME coefficients. Section VII summarizes the results ob-
tained in this work. Throughout this paper, we adopt con-
ventions matching those of the prior studies of nonminimal
Lorentz violation in Refs. [16,30].

II. SINGLE DIRAC FERMION

In this section, we consider the effective action for a
single Dirac fermion, allowing for operators of arbitrary
dimension. Attention is restricted to terms that are qua-
dratic in the fermion field, which gives rise to a linear
theory. Features of the corresponding modified Dirac equa-
tion are also considered, including observability and field
redefinitions. We derive an explicit expression for the exact
dispersion relation, and we determine an approximation
valid to leading order in Lorentz violation. The result
reveals features including anisotropy, dispersion, and bire-
fringence. Leading-order expressions for the eigenspinors
are also presented.

A. Basics

Given the conventional Dirac Lagrange density, the
effective theory describing the fermion behavior in the
presence of general Lorentz violation can be obtained by
adding terms formed from tensor operators contracted with
coefficients for Lorentz violation [7]. The coefficients play
the role of background fields generating the Lorentz vio-
lation, and the resulting theory is coordinate independent.
For a single Dirac fermion ¢ of mass my, this construction
and the requirement of a linear theory imply that the action
S extends the usual Dirac action for ¢ by a quadratic
functional of ¢ and its derivatives,

S = [ﬁd“x, M

1 - ~
L= Ew(wiaﬂ —my + Q)¢ +He,

where Q is a 4 X 4 spinor-matrix operator involving de-
rivatives id,,. Without loss of generality, Q can be taken to
obey the Hermiticity condition Q = yOQTyO. Since Q is
general, it includes both all Lorentz-invariant and all
Lorentz-violating effects. The latter may be Planck sup-
pressed and in any case are generically tiny, so we treat Q
as a perturbative contribution when needed to insure that

deviations from the conventional Dirac situation are small.
In particular, this implies that any extra modes associated
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with the higher-order derivatives in Q can be neglected for
practical purposes.

The operator Q can describe effects of Lorentz violation
arising either spontaneously or explicitly. Spontaneous
Lorentz violation occurs when tensor fields dynamically
acquire vacuum expectation values [5], which play the role

of background tensors in the operator ©. In contrast,
explicit Lorentz violation involves background tensors in

@ that are externally prescribed. In both cases, the opera-

tor Q can in principle depend on spacetime position.
However, to maintain invariance of the action (1) under
spacetime translations and hence preserve energy-
momentum conservation, we require here that the operator
Q is spacetime constant. This insures a focus on pure
Lorentz violation and minimizes complications in analyses
at both the theoretical and experimental levels. In the
context of spontaneous Lorentz violation, imposing space-
time translation symmetry is equivalent to disregarding
solitonic background fields along with any massive and
Nambu—-Goldstone modes [31]. In certain situations these
modes play the role of the photon in Einstein—-Maxwell
theory [8,32], the graviton [33], or other force mediators
[34,35], so in these cases some care may be needed in
interpreting results for spacetime-constant Q

Note that spacetime constancy of Q can be either an exact
feature of the model or an approximation to dominant or
averaged effects in a more complete theory. The complete
theory may even be fully Lorentz invariant. Existing
or hypothetical forces typically give rise to effects with
dominant contributions appearing as backgrounds in a given
experimental situation, which can serve as effective Lorentz
violation in a phenomenological description. For instance, in
alocal laboratory, the gravitational force produces a direction
dependence that plays the role of explicit Lorentz violation in
the corresponding effective theory. Hypothetical ultraweak
forces can in principle be constrained or even detected in this
way. For example, sharp constraints on torsion have been
obtained by studying the effective Lorentz violation associ-
ated with a torsion background [36]. In general, viable mod-
els for Lorentz-invariant interactions generating effective
operators of the form Q must be consistent with known
constraints on Lorentz violation [6].

In this subsection, we perform a decomposition of Q
that ultimately permits the enumeration and characteriza-
tion of the coefficients for Lorentz violation appearing in

the Lagrange density (1). Expanding Q in the basis of 16
Dirac matrices explicitly reveals the spin content,

Q = ZQIYI
1

R R - . 1 -
=8+ iPys + VMyM + A¥ysy, + ETMVO-MV’
(2)
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where the 16 operators Q' = {8, P, V*, A*, T""} are
Dirac-scalar functions of the derivatives id,, with mass

. . AT
dimension 1. In momentum space, each operator Q" can
be viewed as a series of terms,

A ] < oo o
Q' =% 9Wmerisp b e, )
d=3

with p, =id,. All the coefficients Q @/®1®-a:s gre
spacetime independent and have dimension 4 — d.
Also, they can all be assumed real by Hermiticity.
Note that any of these coefficients proportional to com-
binations of products of the Lorentz-invariant tensors
n*” and €“**" correspond to Lorentz-invariant operators
in the theory (1).

Often, it is convenient to work with an alternative
decomposition of Q that parallels the formalism widely
used for the single-fermion limit of the minimal SME [7].
This parallel suggests writing

yvpv_m¢+Q:prv_M! (4)

where f”py and M consist of operators of even and
odd mass dimension, respectively. Decomposing these
operators in terms of the basis of 16 Dirac matrices
yields

N ~ o 1
IV =y + ety +d*ysy, +e" +if’ys +§§K’W0'm\,

N ~ 1 .
M =m, +m+imsys +aty, +b"ysy, +§H’U“V0'l“,.
(5)

In these expressions, the operators ¢*7, d*’ are CPT
even and dimensionless; é*, f", g*P” are CPT odd and
dimensionless; 1, 7, A" are CPT even and of dimen-
sion 1; and a*, b* are CPT odd and of dimension 1. If
desired, a chiral mass term imsys can be added to M, but
in many situations this can be absorbed into m, via a
chiral rotation without loss of generality, and so we omit
it from Eq. (5). The operators 7z and ri5 consist solely of
higher-derivative terms of nonrenormalizable dimension,
but all the others appearing in Eq. (5) have equivalents in
the minimal SME.

In Eq. (4), the operator [ is contracted with p,. This
implies that the operators ¢“?, arv, em, f”, gMPY are also
contracted with p,, and it motivates the introduction of
contracted operators via
¢n=¢errp,, A =d*p,  e=¢é"p,

(6)

~

fF="7rp.,

The notation for each operator has been chosen so that its
CPT handedness corresponds to that of its analog in the
minimal SME. In terms of these operators, we find

KAV

gt =gVp,.
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TABLE I. Operators and coefficients for a Dirac fermion.

Operator Type d CPT  Cartesian coefficients Number

i) Scalar odd, =5 Even m@Dar-aa-s dd—1)(d—2)/6
s Pseudoscalar odd, =5 Even mgd)”""“"’3 did—1)(d—2)/6
ar Vector odd, =3 0dd amar-ags 2d(d — 1)(d —2)/3
bH Pseudovector odd, =3  Odd pDren..ass 2d(d — 1)(d — 2)/3
o Vector even, =4 Even cDrar..ay; 2d(d — 1)(d —2)/3
ar Pseudovector even, =4 Even dDrer..ais 2d(d — 1)(d — 2)/3
e Scalar even, =4 Odd eldar-aqs dld—1)(d—2)/6
f Pseudoscalar  even, =4  Odd fldenaqs dld—1)(d—2)/6
i Tensor even, =4 0Odd gmranaqs dd—1)(d—2)
HHY Tensor odd, =3  Even HDpveanais d(d—1)(d —2)

A, A ~

S=e—m  P=f—rs

AR =gr — b T = grr — AR, 7)
These expressions provide the explicit link between the
decompositions (2) and (4).

Each of the 10 component operators é, 1, f, ms, ¢*, a*,
da*, b*, gmv, H™” canbe expanded in Cartesian momentum
components following the form of Eq. (3), yielding 10
infinite series of real coefficients. For example, the opera-

tor ¢# can be written as

oMt = Z C(d),ualwadepa v Doy
1 d—3

d even

8)

Each term in this sum involves a coefficient ¢(@#a1--3
for which the index w controls the spin nature of the
operator and the d — 3 symmetric indices «; ... a _3 con-
trol the momentum dependence. In the analogous expan-
sions for the photon sector [30], the spin and momentum
dependence are intertwined by gauge symmetry, which
complicates the counting of components. Here, however,
the number of independent coefficients in ¢(@#@1-@i-s for
each d can be obtained directly as 2d(d — 1)(d — 2)/3.
The coefficients for the nine other operators can be treated
similarly. Table I lists the 10 operators, their corresponding
coefficients, and some of their properties.

B. Field redefinitions

In the context of the minimal SME, the freedom to
choose coordinates and to redefine fields while leaving
the physics unchanged makes some -coefficients for
Lorentz violation physically unobservable [7,8,35,37—40].
This feature extends to the nonminimal sector. The effects
of a coordinate choice, which amounts to selecting the
sector in which the effective background spacetime metric
has the usual diagonal Minkowski form, are analogous to
those in the minimal SME and imply 10 combinations of
coefficients are always unobservable. Also, the freedom to
redefine the fermion ¢ by a position-dependent phase,

= exp (ixtv, )y’ €))

for a suitable v s Can be used as in the minimal SME to

remove four constant coefficients coupling like a gauge

potential. However, the freedom to make field redefinitions

involving the spinor space, which eliminates and recom-

bines certain coefficients in the Lagrange density, is more

involved when the nonminimal sector is incorporated.
Here, we consider field redefinitions of the form

g =>1+2)y,

where Z is an arbitrary p-dependent operator. For this
redefinition to leave the physics unaffected, the dominant
modes in the Lagrange density must remain dominant in
the redefined theory, and so the perturbative assumption for

the operator Q in the Dirac action (1) must be maintained.
This implies that Z itself must be perturbative.

Under the redefinition (10), the operator in the Dirac
action (1) acquires a new form,

Whyo(py—my+ Q)= y'tyo(p-y—m, + 2y,
(11)

(10)

where
O'=0+(p-y—m)Z+vZ yo(p-y—my). (12)

To explore the implications of this structure, it is useful to
split Z into a Hermitian piece X and an anti-Hermitian
piece Y, defined according to

R

Z=X+1iY, XZE(Z"")/OZ Yo),
. 1. " (13)
Y= 2*(2 = Y0Z" o),

i
where both X and ¥ obey the same Hermiticity condition as
the @ operator, X= 70)2 t Y0» Y= 70)? t v¢. The operator
Q' is then given by
Ql = Q, - 2ml,//‘)2 + P,L{')’#; )?} + lpM[YM) i}]
This shows that a suitable choice of X or ¥ can combine
with © to reduce the observable content of Q.

(14)
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To determine explicitly which pieces of Q are affected,
we can decompose both X and ¥ in the basis of 16 Dirac
matrices,

N A s . . 1,
X=Xs+iXpys+X{y, +X\vsv, +§X’T”’a'
A . . 1. (15)
Y=Y¢+iYpys+ Yﬁ'y'u + Y/'Z'ys'yﬂ +§Y’Tw0'#

Each component of X and ¥ in these expansions can be
considered independently. The component Y evidently
has no effect on Q but the other nine generate field
redefinitions mixing various Lorentz-violating operators
and acting to remove some of them at leading order. In
what follows, we apply each field redefinition in turn,
determining the changes 69 = Q' — O and identifying
the resulting effects.

First, consider transformations involving the compo-
nents of X. A nonzero X gives

88 = —2myXs,  SV* =2%pr,  (16)
showing that for m, # O the scalar operator S can be

removed by absorbing it into the vector v Using Xp
instead produces

8P = —2m,Rp, A7)

which reveals that the pseudoscalar operator P can also be
removed. A nonzero X% gives

88 =12p, Rt 8VF=-2m, Xt (19)

which reconfirms that the scalar and vector operators mix
under field redefinitions. Using X’ yields

STH =

so the pseudovector operators A" can be absorbed into the
tensor ones. Finally, a nonzero X4” gives

6,.?4’“} = —2m¢,f(’u1’,

SAM = —2m¢,f(“, 26””p‘7prA(,,

(19)

SA* =—errp K1 s, (20)

again showing that the pseudovector and tensor operators
mix.

Next, we turn to transformations involving the compo-
nents of Y. Taking nonzero Y has no effect, as mentioned
above. Using ¥p gives

SAM = 2prY,, 1)

which permits the removal of the component of A+
proportional to p*. A nonzero YV gives

8T"
In the minimal sector, this can be used to remove the

trace component of g¥#*  More generally, the
coefficients appearing in the expansion of the dual

X v ~
— 1
T =lewroT,,

Y =2pleyyl (22)

can be split into pieces that transform
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under two different representations of the Lorentz group,
with one set antisymmetric in the first three indices and the
other antisymmetric in the first two indices with vanishing
antisymmetrization on any three indices. The above field
redefinition with Y% can be used to remove the first piece.
Taking instead a nonzero Y% # 0 gives

8P = —2p,v¥ (23)
which reconfirms that the pseudoscalar operator P can be
removed. Finally, using ¥4” leads to

SV* =208, (24)

In this case, the coefficients appearing in the expansion of

V* can be split into a piece that is totally symmetric and
one with mixed symmetry that is antisymmetric in the first
two indices. The field redefinition with Y%” allows the
removal of the piece with mixed symmetry.

We thus see that the physical observables in the quadratic

fermion theory (1) are restricted to pieces of V* and T7*".
The relationships (7) show these observables correspond to
parts of a#, &#, 7 and H*". This feature parallels results
for the neutrino sector, where the propagation of neutrinos
is controlled by four effective coefficients of these types
despite the multiple flavors, the mixing, and the handedness
of the fermions [16]. It also reduces correctly to known
results in the minimal SME [7,8].

Using the field redefinitions, we can define a canonical
set of effective operators representing physical observables
in the quadratic theory (1),

Seff =0, P =0, *Agff =0,
A ~ 1 R
b= V" +— #S)
o ( my oy (25)
= = 1 n
Fo e (0 L)
my [2]

where the subscript [n] indicates that the coefficients ap-
pearing in the operator expansion are restricted to an irre-
ducible representation antisymmetric in the first z indices.
The relationships (7) imply the corresponding definitions

aly = (a“—— “e) Zai‘flf)“a‘ D Py
ny, L
1
NI NI (Dpaj..a
Ceff_(c'u m_l,b M’”)ﬂ)] %Ceff R Dy Payy
XUV e 1 v ~(durva;..a
e = (g 71,[%]) Zw T
Aty = (A~ pnd)
my [2]
~(d ag..a
=S A D Pay 26)
d
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Note that the analysis of field redefinitions naturally

leads to expansions of the duals g%, A% rather than the
tensor operators g, H4{ directly.

In terms of the fundamental coefficients, the effective
coefficients are

a(d),u,a]“.

(dpay.ayz _
eff a re e

Ln,u,ale(dfl)az...ad,_;) ,
m,/, (o]
Cort (dpa..aq-3 —Ln#alm(d_l)azmadﬂ)
o ,
mlp 0]

~(d)uva,...

eff

g3 :<
(Dpe.aq-3 _ (C
g3 __ (g(d),uual g3

— Lnal[}bb(d— 1)V]a2--~01d—3> )
mw [2]

ﬁgf)#yal...adﬂ — (I:I(d),u,val Qg3

— Lnal[ﬂd(d—l)V]az---ad—,z)
My

o 27

In these equations, the dual coefficients are defined by

g(d)l“/al---ad—3 = %Gﬂvpag(d)p”a"“ad”,
(28)

HDuvay..az3 — %6“'};,(,['1(‘1)‘)0““"“”*3.

Also, the subscript [0] indicates symmetrization on all
indices, while [2] indicates symmetrization on
va . ..o, followed by antisymmetrization on pv.

The above results demonstrate, for example, that
leading-order signals from b* can be absorbed into those

from g*”, while signals from ar merge with those of A"’
As an illustration, the d = 4 terms in d* can be absorbed

into the d = 5 terms in A"", giving rise to effective coef-

ficients AS)#*192%  This example also reveals the poten-
tially surprising result that an operator naively having
renormalizable dimension and hence lying in the minimal
SME may in fact most naturally be regarded as belonging to
the nonminimal sector and having nonrenormalizable di-

mension. Note also that the Cartesian coefficients
m(jd)a""a“’3 and f(@@1-23 have no observable role. This

is consistent with known results for the minimal case
[8,39,40]. Moreover, additional field redefinitions or coor-
dinate choices can further reduce the number of observable
effects. For example, the phase redefinition (9) shows that
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the effective coefficient a?fz“ is unobservable. All the ef-

fective operators, their Cartesian effective coefficients, and
some of their properties are compiled in Table II.

A few of the effective coefficients correspond to
Lorentz-invariant operators in the theory (1). They must
be formed from combinations of products of the Lorentz-
invariant tensors n*” and e*”?? multiplied by constant
scalars. The coefficients ai‘g” @@= and gfjf)" et
both have an odd number of indices, so they all produce
Lorentz-violating effects. Inspection reveals that the sym-
metries of the coefficients Ifli‘flf)“ va-®a=3 preclude con-
structing them in terms of invariant tensors as well. The
only option for generating Lorentz-invariant operators is
therefore to use the coefficients ¢'9*®* 1% constructed as
completely symmetrized products of the metric,

(dpay..az; _ 1 (d)

Ceff,Ll MCU n(#al T]az% . nad—Aad—ﬁ' (29)

This reveals that there is exactly one Lorentz-invariant
effective operator at each even dimension d = 4,6, ....
No Lorentz-invariant effective operators exist for odd d.

The addition of interactions or the presence of a non-
Minkowski background typically changes the set of physi-
cal observables by affecting the implementation of field
redefinitions. For generality in what follows, we therefore
present calculations and results with all coefficients explic-
itly included. However, expressions relevant for physical
measurements can be expected to yield only observable
quantities. For example, the effective coefficients appear-
ing in the Hamiltonian derived in Sec. III below are com-
patible with this structure of observables.

C. Exact vacuum dispersion relation

The action (1) leads to the modified Dirac equation
(p-y—my+Qy =0 (30)

where Q can be viewed as the expression (2). Formally, the
exact dispersion relation for plane-wave solutions in
the vacuum is found by requiring that the determinant of
the modified Dirac operator vanishes,

det(p-y—m, +Q)=0. (31)

This condition determines the propagation of spinor wave
packets in the presence of Lorentz-violating operators of
arbitrary dimension.

TABLE II. Effective operators and effective coefficients for a Dirac fermion.
Operator Type d CPT Cartesian coefficients Number
ak. Vector ~ Odd, =3  0Odd alpen-2a=s (d+1)d(d—1)/6
ek Vector Even, = 4 Even cgf)-“a"“a“ (d+ 1dd—1)/6
gkl Tensor Even, = 4 0Odd gi‘f’z“”“""“ﬁ (d+ d(d—2)/2
Aty Tensor ~ Odd, =3  Even Aprar-as (d + 1)d(d — 2)/2
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An explicit form for the dispersion relation (31) can
be obtained by direct calculation. One method proceeds
by adopting a chiral representation of the Dirac matrices
and breaking the modified Dirac operator into 2 X 2 blocks
A,B,C, D,

. (A B
p'y—m¢+Q=<C D)- (32)

It is convenient to introduce the notation o* = (o, o¥),
where ¥ is the 2 X 2 identity matrix and o7 are the usual
three Pauli matrices. The adjoint matrices are & =
(0%, —07), and they satisfy the basic identity

_ l _
0u0, = Ny, + 56#,,,()\0"‘0')‘. (33)

The block decomposition can then be written

(A 3)2 S +iT"0,5, Vo,
¢ D b, S, +i1T% 5,0,

(34)

Vi =pr+ VE+ AR

T = (T" +iT""). (35)
Here, ,]uw is the dual of ’JA"“V. Note that ’JA"’;V = ii’]uiw
are the two chiral components of the tensor operator T~ s

The determinant (31) can be obtained from the block
form (32) using the identity

A
det
(¢

where B = adj(B) and C = adj(C) are matrix adjoints.
This quantity can be directly evaluated using the basic
result (33) and the subsidiary identities

i) — det (AD) + det (BC) — t(BACD),  (36)

tr (&#Gya_-ka.)t) = 27};“)1(/\’
tr(a_-,ua-ua_-ka-)ua_-pa-a') = 277MVKTTIT/\pm (37)
77,u.VK/\TKK = 4T—p,)w n,U,VKATi/\ = _4T+,uw
where 7, is defined by
Nuvkr = MurvNMcr = Muc Mo + NurMvk — /.LVK)\ (38)

The calculation outlined above yields an explicit form
for the exact dispersion relation (31) of the modified Dirac
operator. We find

S -THSE -TH+ V2V
2V B 42T ) (8. —2iT)- V. =0,
(39)
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where T Zi =T ’f}’f +up- This compact expression holds
for a Dirac field experiencing Lorentz violation involving
operators of arbitrary mass dimension. It reduces correctly
to the well-known result for the renormalizable theory [25]
and its nonrelativistic limit [23]. In terms of the effective
operators (25), we obtain

S

0=(p+ V)t + (m, — Ij—liff—)(m%z, — T airs)

—2(p + wA/eff) (my — 2i,j—/eff—)

“(my + 2T ogp4) - (p+ Vegr), (40)
~ v L
where T ¢ = (Teﬁ = lTeff)

The superﬁc1ally quartic nature of the dispersion relation
(39) reflects the usual presence of the four independent
Dirac spinors, representing two spin projections for each of
the particle and antiparticle modes. However, viewed as a
function of p,, the dispersion relation (39) represents an
algebraic variety R(p,) of arbitrarily high order rather
than the usual Dirac quartic. When the coefficients for
Lorentz violation are small, four roots of R appear as small
corrections to the four roots of the usual Dirac equation,
while the remaining roots represent high-frequency modes
that are physically uninteresting. This behavior is analo-
gous to that found for the exact covariant dispersion relation
for photons in the presence of Lorentz-violating operators
of arbitrary dimension, which is given as Eq. (30) of
Ref. [30]. We remark in passing that the explicit dispersion
relation (39) can be expected to have an interpretation in
terms of the geodesic motion of a classical particle in a
Finsler spacetime, paralleling the existing treatment of the
renormalizable case [24,40].

D. Properties

For many practical purposes, and to gain insight about
the physical content of the exact result (39), it is useful
to consider the approximate dispersion relation valid at
leading order in Lorentz violation. Since Lorentz violation
is expected to be small, Q can be taken as a perturbation
on the conventional Dirac operator p - y — my,. The dis-
persion relation can therefore be expanded in the small
operators S, P, VE Ar T

At leading order, this expansion yields the approximate
dispersion relation

preml=2-m,&—p- V=Y, @

where

x x

Y2=(p-le)2—m¢ﬂl2 2m¢p~’}-ﬁl+p-’f"f'p
:P"j—,eff'Teff'p- (42)

Solving for the energy E gives
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where E* = mj, + p*. The results in this section are valid
for E, of either sign, but in subsequent sections we take

Ey > 0. Note that the terms v, S‘, and Y depend on the
4-momentum, which at the relevant order in Lorentz vio-
lation can be taken as p* = (E,, p) on the right-hand side
of this equation.

The two sign choices for E(, correspond to particle and
antiparticle modes, so in the presence of nonzero Lorentz
violation the dispersion relation (43) can have four non-
degenerate solutions for each p. The usual spin degeneracy
of a free Dirac fermion is broken when Y is nonzero, which
requires pseudovector or tensor operators for Lorentz vio-
lation. In contrast, the scalar and vector operators for
Lorentz violation can shift the energy but preserve the
spin degeneracy. The degeneracy between particles and
antiparticles is broken when any of these operators have
nonzero CPT-odd components. Note, however, that the
pseudoscalar operator plays no role in the leading-order
dispersion relation.

The dispersion relation (43) describes various kinds of
deviations from the conventional Lorentz-covariant behav-
ior of a massive fermion. Many are analogous to effects
appearing in the nonminimal photon sector of the SME
[30,41]. Among them are anisotropy, dispersion, and
birefringence.

Anisotropy is a consequence of violation of rotation
invariance, which implies the properties of the fermion
depend on the momentum orientation p. For example,
the group velocity v, = dE/dp becomes a direction-
dependent quantity. We emphasize that in practice anisot-
ropy is always present in models with physical Lorentz
violation, even ones formulated as being rotation invariant
in a particular frame, because boosts induce rotations. For
example, any laboratory frame is instantaneously boosted
by the Earth’s rotation and revolution about the Sun, and
these boosts necessarily introduce anisotropy.

When a dispersion relation is nonlinear, component
waves in a packet travel at different phase velocities v, =
p/E. This dispersion is a familiar feature for a conventional
massive fermion, and most Lorentz-violating operators are
dispersive. Indeed, the only nondispersive terms in the
Lagrange density (1) are those with a single derivative.
However, certain dispersive terms are unobservable at lead-
ing order in Lorentz violation. For example, the dispersive

operators contained in the pseudoscalar P play no role in
the dispersion relation (43). Also, the restriction E = E;on
the right-hand side of this equation implies that some dis-

persive operators in Vv, S ,and Y produce effects in vacuum
propagation that are unobservable at leading order.
Changing the boundary conditions or introducing a medium
leaves unaffected the basic dispersive nature of an operator,
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which is associated with its derivative structure. However,
the corresponding change in the physics can trigger disper-
sion controlled by coefficients for Lorentz violation that at
leading order are unobservable in the vacuum case. This is
analogous to the situation for photon propagation [30].

In the presence of Lorentz violation, the fermion spin
projections can mix during propagation because spin may
no longer be conserved. Following the terminology for the
analogous mixing of photon spins in Lorentz-violating elec-
trodynamics, we refer to this spin mixing as fermion bire-
fringence. It occurs whenever a particular solution to the
dispersion relation is associated with only one low-energy
mode instead of the usual two degenerate spin modes. The
dispersion relation (43) holds for plane-wave solutions
obeying the usual boundary conditions for vacuum propa-
gation, and its form implies that fermion birefringence
occurs whenever the combination Y of coefficients given
in Eq. (42) is nonzero. Note, however, that other situations
such as a fermion trapped in a spherical container can
involve different boundary conditions and hence can lead
to spin-mixing effects controlled by different combinations
of coefficients. Also, the presence of a medium such as
matter or a background electromagnetic field can be ex-
pected to modify the combination of coefficients controlling
fermion birefringence, which again parallels the situation
for Lorentz-violating effects in photon propagation [30].

E. Spinors

A basic feature of the conventional Dirac equation is that
the four linearly independent eigenspinors can be written
using covariant projection operators as

ut(p’ n) = PiA+ lr//’ vi(p) l’l) = PIA* l//7 (44)

where the projection operators A. select positive- and
negative-energy states, while

1
P. = 5(1 = ysn-y) (45)

project the spin along a polarization vector n* satisfying
n>=—1 and n- p =0 but otherwise having arbitrary
orientation. The freedom in the choice of the unit spacelike
transverse vector n* reflects the spin degeneracy of the
eigenspinors. However, in the presence of perturbative
Lorentz violation, the breaking of spin degeneracy for
Y # 0 implies that each solution to the dispersion relation
becomes an eigenmode having a definite spin polarization.
The polarization projection operators P. must therefore
involve a vector n* with a definite orientation. Next, we
obtain an approximation representation of n*.

The birefringent term involving =Y can be isolated
from the modified Dirac equation at leading order in
Lorentz violation by acting on the left with the operator

(p+ WA/) cy + (my — S). Using both the modified Dirac
equation and the result (41) in the form [(p + V)% —
(m, — 8)?]* = 4Y? permits the elimination of terms at
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second order in Lorentz-violating operators. This generates
the equation

[+Y —ys(p- A —myA-y—p-T -yl =0,
(46)

which for Y # 0 motivates the definition

piz%(1¢75(p'ﬂ_m“"?7_p'¢7)>,

(47)

A short calculation reveals that

[ys(p- A—myA-y—p-T-yPE=Y2, @48)

ensuring that P
operators.

To express the projectors (47) in the form (45), we use
my ¢ = p -y and thereby identify the spacelike vector
n* as

are indeed orthogonal projection

~ ~ X v
wp-ﬂp“—mﬁﬂ“%—mw’fﬂp,, 1

m =_NH* (49
" m, Y Y “9)
which satisfies n> = —1 and n - p = 0, as required. The
spacelike vector

X uv 1 R X uv
e = (T e AN, = Thipy 50
m
W

obeying N> = —Y? and N - p = 0 is introduced for nota-
tional convenience in what follows. The expression for n#,
which is at zeroth order in Lorentz violation, fixes the
dominant polarization required for a solution to approxi-
mate the exact eigenspinor. Note that if Y = 0 the deriva-
tion breaks down, but the spin degeneracy is then restored,
and so n* can be approximated as a unit spacelike trans-
verse vector, as usual. Note also that the subscripts on
the projections P correspond to the signs in the modified
dispersion relation (43), so polarizing a fermion along
n* increases the energy while the opposite polarization
decreases it.

II1. HAMILTONIAN

The construction of the exact Hamiltonian associated
with the full theory (1) is complicated by the higher-order
time derivatives that appear. For most practical applications,
however, it suffices to obtain an effective Hamiltonian
that describes correctly the behavior at leading order in
Lorentz violation. We present here a perturbative derivation
of the Hamiltonian via a generalization of the standard
approach, and we extract the relativistic combinations of
coefficients that it contains.

PHYSICAL REVIEW D 88, 096006 (2013)

A. Construction

The goal of the standard approach to constructing the
Hamiltonian is to find a unitary transformation U = U(p)
converting the modified Dirac equation (30) to the form

Uyo(p-y—my+ QUIUY =(E—H)UY =0, (51)

where E = p, and the 4 X 4 relativistic Hamiltonian H is
block diagonal or “even” with vanishing 2 X 2 off-
diagonal “odd” blocks. This decouples the positive and
negative energy states, and the diagonal blocks give the
2 X 2 relativistic Hamiltonians describing particles and
antiparticles. We adopt the chiral representation, in which
the matrices y* are block off diagonal, so we seek U such
that Eq. (51) involves only an even number of y* matrices.
Since the Lorentz violation is perturbative, it is useful to
write

H = H, + 8H, (52)

where Hy = yo(p - v + my) is the usual 4 X 4 Dirac
Hamiltonian for the Lorentz-invariant case and 6H con-
tains the Lorentz-violating modifications.

Consider first the usual Lorentz-invariant case with Q =0
and 6H = 0. An appropriate transformation U = VW =
WYV is the product of the two commuting transformations

_ 1+ %

7B

:Eo-i-md,—i-p”y

"2E0(E0 + m¢) ’

with E, = ,/ p* + m3, > 0. Direct calculation shows that
this transformation gives the expected block-diagonal

Hamiltonian
Hy— —ysky =" (54)
0 Ysto 0 -E /)

Vv

(33)

The upper 2 X 2 block describes positive-energy particles
with Hamiltonian h, = E, while after the usual reinter-
pretation, the lower negative-energy block gives the
Hamiltonian &, = E, for positive-energy antiparticles.

In the Lorentz-violating case, if Q is nonzero but con-

tains only the operators S and V*, then the same proce-
dure can be used to perform the block diagonalization.
It sufﬁfes to replace p, with p, + VM and my with
my, — & in the transformation (53). In contrast, the general

case involving also nonzero P, A+ ,and T is challeng-
ing. However, a perturbative treatment can be adopted to
implement the block diagonalization at leading order in
Lorentz violation.

To zeroth order, the transformation U is given by the
product VW. So, we start by applying this,

VWyo(p -y —my + Qwivt
= E+ ysEy + VWy, Q WiVt (55)
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The Lorentz-invariant terms are block diagonal, but the last
term contains both even and odd parts. The even part of any
matrix M can be extracted by applying the even matrix ys
to give Moyen = (M + ysMys)/2. To remove the odd part
at first order in Lorentz violation, we can therefore modify
U by an additional small transformation,

1 A
U= (1 + E[«YS, VWy,Q Wt v*])vw. (56)
0
This gives
Uyo(p -y —my + Q)UT
= E+ysEy+ (VWyo QW e, (57)

at first order in Lorentz violation. We can now identify
the leading-order block-diagonal Lorentz-violating
Hamiltonian as

SH = —(VWyo QWHVT) . (58)

Substituting for Q using Eq. (2) and performing some
explicit calculations, we obtain the result

1 R o o Ao
OH = 2-[mySys — E V' = Vpiys + Apiyiyg
0
+my Alylyeys + Al plpy yoys/(Eg + my)
. . NP X0/ .
+ ipf’TOky/yk + iTijf - E, T j'yfyo
X0/ .
+ T plpryFyo/(Eo + my)] (59)

The upper 2 X 2 block of this operator represents the

leading-order perturbation &k to the positive-energy

Hamiltonian for particles,

_A+3-0
E

Sh , (60)

where

A=-myS—E V' +pV =—p, Vi (61)
and the spin dependence is controlled by
Si= A% - m¢ﬂ'7 — A*pkpi J(Ey + my)

X0 X jk X 0k ,
— ET T pk+ T pkp//(Ey + m,)
X 0j X jk X 0k 4
= —EgT ot — TenrP* + TeeP*p’/(Eq + my).  (62)
These results reduce to those established in Ref. [23]
for operators of minimal dimension d = 3 and d = 4, as
expected. We emphasize that the 2 X 2 Hamiltonian

h=hy+ 0h (63)

is fully relativistic.

After reinterpretation, the lower 2 X 2 block of Eq. (59)
gives the change 8/ to the positive-energy Hamiltonian for
antiparticles,
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_ A+3-4
sh=ftX o (64)
Ey
where
A=-my8+EV +pV (65)
and

Si= A+ my, A+ A pkpl /(Ey + my)
20j  Ajk A0k
—ET + T p*+ T phpi/(Ey+my).  (66)

Note that in the Lorentz-violating terms, we can take
po = E| for particles and p, = — E, for antiparticles because
corrections to these approximations contribute only at
second order. Since the physical antiparticle 3-momentum
is —p, the corresponding physical 4-momentum can be
taken to be —p,. This implies that the antiparticle
Hamiltonian

h=hy+ 6h (67)

can be obtained from A by changing the sign of all
coefficients for CPT-odd operators, as expected.

The Lorentz-violating portion of the transformation (56)
can be expressed in an alternative form by commuting VW
through to the right. This gives

1 .
U— VW(l - gl on]). ©68)
We then find

Uyo(p-y—my + o)ut
= VW(E — Hy + A y0Q A, + A_y, QA )WiVT,
(69)

where A, = (1 = Hy/E;)/2 are the usual projection op-
erators for energy. This equation reveals that the net effect
of the Lorentz-violating part of U is to remove the portions

of Q mixing the usual particle and antiparticle states.

B. Coefficients

The explicit nature of the terms (61) and (62) in
the perturbation Hamiltonian 64 obscures the relativistic
combinations of coefficients from which they are formed.
A more elegant form for 64 that displays these combina-
tions can be obtained using the relativistic polarization
vector N* defined in Eq. (49).

The spin vector 3/ is related to N* by

sini— NP N
EO + m¢, E()(EO + M¢)
. m .
= N + E—'/’Nﬁ, (70)
0

where N and N are the components of N perpendicular
and parallel to p, respectively. Note that both N, and
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m,, N remain finite even in the massless limit. The mag-
nitude of the spin vector is |%| = Y, so the spin-dependent
energy shifts are Y/E, for spin along ¥ and —Y/E, for
spin opposite X, as expected.

To gain further insight, consider a massive particle in its
rest frame with N° = 0 and N? = Y2, and introduce the
rest-frame polarization unit vector N’. Boosting to an
arbitrary frame then gives

Ipl

N=N, +—N’

N = E N @D

where N and N’l are the projections of N’ parallel and
perpendicular to p, respectively. Comparing to Eq. (70)
reveals that 3, is the rest-frame N vector,
3 =N. (72)
Note that N” depends on p, because the required boost
varies with p,.
The above considerations permit us to write 3 - o as

3 o= —Ntr, (73)

where
. Jj 0
0= p_ =gl +- LT (74)

The perturbation Hamiltonian (60) therefore takes the form

8h=A —NMTM’

Ey (75)

showing that the spin-dependent Lorentz violation is fixed
by the relativistic polarization vector N* given in Eq. (49).

We can now expand A and N* in powers of momentum
p* to extract the effective coefficients for Lorentz viola-
tion that appear in the Hamiltonian. In practice, it is
convenient to split A and N* into CPT-odd and
CPT-even pieces for this purpose.

Expanding A yields

A= ZA(d)al-uadfzpal (76)
d

cPay

where even and odd d are associated with CPT-even and
CPT-odd Lorentz violations, respectively, and the coeffi-
cients A(@a1-®i2 have mass dimension 4 — d. Separating
the CPT-even and CPT-odd parts and substituting the
definitions (26) into the expression (76) gives

(d)ay..a; p
Zaetr

Aodd = &gffp,u pad—z’
(77)
_ d)
Aeven = effp,u Zciffal - 2 - Pay_y

where the effective coefficients are given in terms of
fundamental coefficients by Eq. (27).
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Similarly, expanding N* yields

(78)

NE = ZN(d)/-Lalmadszal e Pay
d

where now even and odd d are associated with CPT-odd
and CPT-even Lorentz violations, respectively, with the
coefficients N@re1-@> having mass dimension 4 — d.
Note that constant N* is forbidden by the restriction
p - N = 0. Separating the CPT-even and CPT-odd parts
and combining the definitions (26) and the result (50) gives

Ho o Rpv s(dpay..aq- 2p
Noga = 8ege Pv = deff

(d) g
_ZHeffMal ay 2Pa1
d

< Pay
(79)

Lo M _
Neven = _Heffpv =

< Pay

where again the effective coefficients are given in terms of
fundamental coefficients by Eq. (27).

The above analysis reveals that the perturbative
Hamiltonian 64 in Eq. (60) can conveniently be split into
four pieces according to

8h=hy + he + hy + hy,
1

~E (80)

(g — s geffT + Heff TP v

where the explicit expansions for a%;, ¢&., g4, and
Iflﬁfy are given by Egs. (77) and (79). Each of
the four component Hamiltonians is uniquely specified
by spin and CPT properties: the spin-independent terms
h, and h, are CPT odd and CPT even, respectively, as are
the spin-dependent terms /1, and /. Note that the structure
of the results obtained above is compatible with the dis-
cussion in Sec. IIB concerning field redefinitions and
physical observables.

IV. SPHERICAL DECOMPOSITION

The complexity of the two-component perturbative
Hamiltonian (80) and the appearance of coefficients with
numerous indices make a general analysis of physical im-
plications unwieldy for arbitrary d. Some of the difficulties
can be alleviated by performing a spherical-harmonic de-
composition of the Hamiltonian. For example, a typical
experimental application involves a transformation from a
noninertial laboratory frame to the canonical Sun-centered
inertial frame [6,37,42], which is generically dominated by
rotations and is therefore simpler in spherical basis. For
each d, the spherical-harmonic decomposition yields a set
of coefficients equivalent to those introduced in Sec. Il A
but having comparatively simple rotation properties. This
permits a systematic classification of the coefficients affect-
ing the dynamics and is also advantageous because rotation
violations are a key signature of Lorentz violation.
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A. Basics

Since the Hamiltonian (80) is expressed in momentum
space, the relevant spherical coordinates also lie in this
space. We can introduce spherical polar angles 6, ¢ via the
unit 3-momentum vector p = p/|p| written in the form
p = (sin 0 cos @, sin § sin ¢, cos #). Rotation scalars can
then be expanded in terms of the usual spherical harmonics
oY jn(P) = Y;,(60, ¢). However, the expansion of rotation
tensors requires some form of generalized spherical har-
monics. We adopt here the spin-weighted spherical har-
monics Y, (p) = ,Y;,(0, ¢), which permit the spherical
decomposition of tensors in the helicity basis. The spin
weight s of an irreducible tensor is defined as the negative
of its helicity and is limited by |s| = j. A summary of
properties of the spin-weighted spherical harmonics is
given in Appendix A of Ref. [30].

In the perturbative Hamiltonian (80), %, and h, trans-
form as scalars under rotations, while hg and hy are spin
dependent through the quantity X - o = —N*7, and so
have nontrivial rotation properties. To perform the expan-
sion in spin-weighted spherical harmonics, we therefore
require the decomposition of 2 - o in the helicity basis.
The helicity basis vectors are defined as €, = € = p
and &, = & = (0 * ih)/\/2, where O and ¢ are the
usual unit vectors associated with the polar angle 6 and
azimuthal angle ¢. The helicity decomposition is

-o=3,0"=X0,=2"0_+230,+20,,
(1)

where the repeated index w is summed over w = +, r, —,
and o, = €, o, 0¥ = €' - 0. The component 3, =
€, - % is a rotational scalar with spin weight zero and can
therefore be expanded in the usual spherical harmonics
oY ;n(P). The components 3. = &. - X have spin weight
s = =1 and can be expanded in the harmonics .,Y,,,(p),
while the components %= = € - X = X have helicity
*1. The Pauli matrices in the helicity basis are

. cos 6
o’ = .
sin fei?
. —sin 6

_ 1
or =0 = —= .
- ﬁ((cos@ F 1)e'

S
I

sin Qe "¢
—cos >’
(cos@ = 1)e~i®
sin 0 )

(82)

Up to constants, o, is the helicity operator, and o are
helicity ladder operators. To see this, consider the special
frame in which @ = X, ¢ = 3, p = Z and so

oefp 8 mesln) -a(l)

(83)
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This shows that ¢, raises the helicity and o_ lowers it.
Acting with 2, - ¢ on a spinor ¢ with components (¢, ¢))
having helicities ( + 1/2, —1/2), respectively, gives

¢1> 37y + V237 ¢,
3 - = . 84
0((]51 (—2’¢>1+\/§E_¢T ( )

The first component maintains its positive helicity because
3" ¢y is the product of objects with helicity 0 and +1/2,
while 27 ¢, is the product of objects with helicity +1 and
—1/2. Similarly, the second component remains an object
of helicity —1/2. We can conclude that 3" = 3., generates
helicity-dependent effects without changing the helicity,
3" =3 _ is associated with a raising of helicity, and
3~ =3 is associated with a lowering of helicity.

B. Decomposition

We can now proceed with the spherical decomposition
of the perturbative Hamiltonian (80). The components 4,
and A, are rotational scalars and so can be expanded in the
usual spherical polar coordinates as

3 A\ (d
h, = ZEod 3 nll’ln()ij(P)aij)m’

dnjm (85)
he == 3 Eg' 1 pl"oY 1, (B)ck,
dnjm

In contrast, the spin-dependent component Hamiltonians
h, and hy transform nontrivially under rotations and must

therefore first be separated into spin-weighted components,
hg = (hg)wo-w’ hH = (hH)wO-W' (86)

At the end of this subsection, we show that these compo-
nents have expansions

(he)y = —my 3 Ed4"|p|"¥ . (p)(n + 1)g0P),
dnjm
(hg)ﬂ_L = Z E()d_3_n|p|’1ilyjm(ﬁ)
dnjm

iG+ 1D (s A(B) | . (D(E
e g |

(hy)y = my Y. B4 "1pl" Y, (p)(n + DHEOP),

dnjm
(h)e = = > Eg 3" pl".,Y,,(P)
dnjm
’j(j + 1) o @(1B) | -y d)(1E)
X |:i > Hnjm =+ Hnjm + lHnjm .

(87)

The full perturbative Hamiltonian (80) is therefore given
by the expansion
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8h="h,+h,+ (hy)yo" + (hy), 0" + (hy)_o~

+ (hy) o + (hy),o" + (hy) o™, (88)
where the component Hamiltonians are given by Egs. (85)
and (87).

The properties and index ranges of the eight sets of
spherical coefficients appearing in these expansions are
summarized in Table III. All coefficients have mass di-
mension 4 — d. The first column of the table lists the
coefficients. The second column specifies the CPT hand-
edness of the corresponding operators. The third column
gives the behavior of the operators under parity, where
operators with E-type parity acquire a sign (— 1)/ and those
with B-type parity acquire a sign (—1)/"!. The next three
columns list the allowed ranges of d, n, and j, while
the final column provides the number of independent
coefficients appearing for each d.

The coefficients given in the expansions (85) and (87)
and listed in Table III comprise the set of observable quan-
tities at leading order in Lorentz violation. Each set of
coefficients X, obeys the complex conjugation relation

K = (1" Kjm, (89)

which stems from the reality of the underlying tensors in
momentum space and ultimately from the Hermiticity of the
Hamiltonian (80) and the theory (1). The coefficients have
comparatively simple properties under rotations, which can
be implemented using the standard Wigner rotation matri-
ces in parallel with the treatments for the photon and
neutrino sectors given in Sec. V of Ref. [30] and Sec. VI
of Ref. [16]. As an example, the relation between coeffi-
cients .’Kﬁtj in a standard laboratory frame with x axis
pointing south and y axis pointing east to coefficients
K, in the canonical Sun-centered frame [6,37,42] is

J
g(\]]z;g — Zeim/a)@Ted(j) /(_X):](jm,’ (90)

mm
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where wg is the sidereal rotation frequency of the Earth, T
is the sidereal time, the quantities dfjl)m, are the “little”
Wigner matrices given in Eq. (136) of Ref. [30], and y is
the colatitude of the laboratory in the northern hemisphere.
This expression only involves a linear combination mixing
the azimuthal components labeled by m'.

The subset of isotropic coefficients can be identified by
imposing j = m = 0 in the spherical-harmonic expansion
of the Hamiltonian (80). In this limit, the helicity-flipping
pieces of the Hamiltonian vanish. This is because helicity
*1isincompatible with j = O or, equivalently, because the
spin weight is limited by |s| = j. As a result, the perturba-
tive isotropic Hamiltonian takes the form

8h=h, + h, + (hy),0" + ()07, ©O1)
where
}ola — ZEOd—S—nlpln&SId)’
dn
;lc — _ZEOd*f%*nlplnz.Eld)’
dn 92)

(hg)r — _mszodfétfnlplnéﬁld)’
dn

o o o (d)
(), =my > E4™*"|pl"H, .
dn

In these expressions, the isotropic coefficients are related
to the spherical coefficients through

o 1 @ oL @
n \/4_77_ n00 n m n00
o) _ 1 (d)(0B) SN (d)(0B)
8n _\/21-—7;(”+1)gn00 » Hn _\/Z‘_;(n-i_l)HnOO .

(93)

These relations give equivalent representations for the
spherical coefficients with j = 0 listed in Table III. All

TABLE III. Spherical coefficients for Lorentz violation.
Coefficient CPT Parity type d n j Number
ald, 0dd E 0dd, =3 01,....d—2 nn—2n—4,..=0 Ld+ 1Dd(d — 1)
fl‘]/)m Even E Even, = 4 01,....,.d—2 nn—2n—4,..=0 Hd+1dd—1)
(408) 0dd B Even,=4 0, 1,....d-3 n+lLn—1n=3...=0 Ld+Ddd-1)—1
o 0dd B Even, =4  23,..,d-2 n—lLn-3n-5..=1 LYd-2)d—d-?3)
i 0dd E Bven, =4  1,2,...,d-2 nn—2n—4,.. =1 L(d +2)d(d —2)
HP Even B 0dd, = 3 01,....d—3 n+ln—1n=3..=0 Ld+Ddd—1) -1
HA Even B 0dd, = 5 23..,d=2 n—lLn-3n-5..=1 Ld+1)d-1)d-3)
HOM Even E 0dd, =3 1,2,...,d—2 mn—24n—4..=1 Ha—1)(d*+d-3)
al? 0dd Even 0dd, =3  0,24,...,d— 0 Hd—1)
E,(fl) Even Even Even, = 4 0,24,...,d— 0 %d
¢\ Odd 0dd Even, =4 1,3,5,...,d — 0 Hd -2
J7 o Even 0dd 0dd, =5 1,3,5,...d- 0 L(d ~3)
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the isotropic coefficients have mass dimension 4 — d. Their
index ranges and counting are summarized in Table III.
Note that the result (29) implies exactly one linear
combination of Efld)
invariant operator.

To illustrate the connection between the Cartesian and
isotropic coefficients in the context of the Lagrange density
(1), we can consider the explicit form of the effective
isotropic theory for the first few dimensions d = 3, 4, 5,
6. At d = 3 only one term exists,

A (3 3)0 _ °(3
08 = —ally = —afy, (94)

representing an isotropic CPT-violating operator. Note,
however, that the phase redefinition (9) can be used to
show this term has no observable effects, as discussed in
Sec. II B. At d = 4 there are three independent isotropic
terms, given by

at each even d controls a Lorentz-

R 1 i 1 y
4 4)00 4 . (4)0
Qi = Cif; Py’ + gct(ifgjjpk’yk + §1g£:f2‘ Y pryso
o4 o (4 Lo (4
= &Py + & pRyk — gl physo™, 95)

NG 6)0000 6)00;j
Q) = L8000 p0 p0yO 4 OO0 (10 pk pi
1 - ~(6)0jjkk 1 | pn On
+§lgeff p'ppiyso

_°(6)0000+1

°(6
= c0pOpOpOy0 + & (pOpk pky® + pOpOpkyk) + &

2

At this dimension another Lorentz-invariant trace appears,
associated with the coefficient combination

(U0 — 2 g = 90 45D 09
More generally, both even dimensions d = 2k and odd
dimensions d = 2k + 1 have 2k — 1 independent isotropic
terms. For even dimensions one combination is Lorentz
invariant, and the number of independent CPT-even and
CPT-odd Lorentz-violating operators is the same. For odd
dimensions all terms are Lorentz violating, and the
CPT-odd Lorentz-violating operators number one more
than the CPT-even ones.

The remainder of this section derives the results (87).
The reader uninterested in the derivation can proceed
directly to the discussion of dispersion and birefringence
in Sec. VI A.

The coefficients §9#"*1~“ are antisymmetric in
the first two indices and symmetric in the remaining in-
dices, and their appearance in the operator éé’“f;’ p, in con-
junction with p, implies that they can be taken to vanish
under antisymmetrization of any three indices. The opera-
tor gk therefore obeys the Maxwell-like equation
IAGAY + 9rZA + 97gM =0, which in turn constrains
the coefficients in the spherical expansion.

1 }
¥O + pPpPpkyk) + SCet P Pyt + gy

p'p'pty" —igy p°p°pFyso®
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Since d is even, one combination of the coefficients

25,4) must be associated with a Lorentz-invariant operator,
and it is

4)00 4)jj _ o4 o (4
i — = el — 3. (96)

At d =5, the theory also contains three independent
isotropic terms,

1 iy
: a(5)0]]

A (S 5)000
Q()_ _ (5 0,,0.,0 3 e (pkpky()_i_zpopkyk)

eff = “Geif PPV T

2 . ~(5)0)0)
_ _ngfz Ji ./popk,ySO.Ok

3
— _°05) 0,0.,0 l°(5)kk0 0 kA k
=-—a; p'py —gaz(ppv +2p°p ")
2 (5)
+iHy p°pFyso®®, 97)

all of which are Lorentz violating. This is the lowest

> (d
dimension d at which the effective coefficients H i ) appear.
Finally, at d = 6 there are five isotropic terms,

(6)jjkk 1 5(6)0j00j 0 0k

p°p°pryso

°6) |1

1,1 2(6) 0,0,k k_ig3 pppn,ysa.()n. 98)

To understand this constraint, it is useful to define a
pseudovector & = /) and a vector B/ = —e/* gk /2, in
terms of which the constraint equation resembles the
homogeneous Maxwell equations,

VXE+d,B=0, V-B=0. (100)

Prior to imposing these constraint equations, the spherical-
harmonic expansion of the operators £/ and B’ can be
written as

&= 3 B pl"Y (BYED)E)
dnjm

£, = z Eod—3—n|p|ni1yjnl(ﬁ)(t(g(d))ilblfrg + i(E(d))Ellj'brz),
dnjm

B, = Y ES 7 pl"Y () (B,
dnjm

B. = ¥ ES 3 pln ¥, (p)((BO)E) + i(B@)1B))

njm
dnjm

(101)

Equation (100) imply interrelations between the six sets
of coefficients in these expansions.

The first equation of Eq. (100) yields two constraints on
E-type coefficients and one on B-type coefficients,
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(B8 — \/21(1 +1) (BW))QJQ,
d 2 n
(1E) _ (IE)
(€l 1B) _ 7\/21(1”(5@)(03) d-2- A2 gy
njm 2(}’L+1) njm (n—1)jm"
(102)

The second of Eqs. (100) ensures vanishing divergence of
B but provides no additional constraints. Careful consid-
eration of the index ranges of all the coefficients reveals

that we can choose (5(‘1))(03) (fB(d))flufn) and (fB(d))(lE) to
be a set of independent coefﬁ01ents Consequently, the

expansions (101) become

Sr — Z Eod—3—n|p|n

dnjm
= Z Eod_3_n|p|nilyjm(ﬁ)

Yjm(P)(ED) P

njm’

dnjm
% :\/Zj(j*'l)( (@08
2nt 1) O i
d—2-n (18) (B (1E)
+—(F (B(d))(,, l)jm+l(3(d))(n_1)jm) ,

\/ZJ(J + 1)(B(d))(1E)

B,= Y E"pl"Y (D) ()

njm’
dnjm
B.= ¥ ESpl ,m<p>(+<:fa<d>)“5>+l(3<d>>“’”)
dnjm

(103)

The helicity-basis components of the Hamiltonian 4,
can now be written as

(h ) m TS mwg
p g £ p - r
ST gD e Eo (104)
I« .
(hg)i = E_ Lgé;l’v = (Eogt * ilp|B.).
0

We can now choose the convenient match

0B) __ d)(0B
(EDYD = —(n + 1)g”,
(Bay®, 2 1 wan (105)
n—1)jm d _ 1 njm 4
@y _ "t 1 wap
(B )(n—l)jm d—1 njm

which gives the first two equations in Eq. (87). The calcu-

lation for the CPT-even operators H ffﬁy is similar to that for
ggffy , up to an overall sign.

PHYSICAL REVIEW D 88, 096006 (2013)
V. LIMITING CASES

For many applications it is appropriate to consider
limiting cases of the Lorentz-violating Hamiltonian (80).
In this section, we consider in turn the nonrelativistic
limit, the ultrarelativistic case, and the restriction to the
minimal SME.

A. Nonrelativistic

The nonrelativistic limit of the Lorentz-violating
Hamiltonian (80) can be obtained directly from the
spherical-harmonic expansions obtained in Sec. IV by
expanding the energy E, in the usual power series in |p|,

2 4
Ey~m L el (106)
v om 8m?3
v y

In many common physics applications, this series can be
truncated as desired, but here it entangles contributions
from different dimensions d into any given power n of
the momentum |p|*. Some care is therefore required in
constructing the nonrelativistic limit.

Consider first h,. Substituting the nonrelativistic series
(106) for E, produces

=2 1pl"Y,,,(P)
njm
L (d=3=n+20/2)
X(Zm‘li/f ’ Z ( k (n 2k)/m)
d k=n/2

(107)

where ( ~,£) denotes a binomial coefficient. The summation
over k represents the linear combination of coefficients at
dimension d appearing in the nonrelativistic limit. The sum
over d gives the combination of coefficients of different
dimensions contributing to the momentum dependence
|p|™. The expression (107) can be viewed as an expansion
in the momentum magnitude |p|” and direction p involv-
ing nonrelativistic coefficients consisting of the terms in
parentheses. Each such nonrelativistic coefficient is a su-
perposition of the original spherical coefficients with fixed
values of j and m but summed over d and k. We denote
these nonrelativistic coefficients by a\} jm» thereby obtain-
ing the nonrelativistic form of %,. The same reduction can
be applied to obtain the nonrelativistic form of all terms in
the Hamiltonian (80).

The result of this procedure is the perturbative nonrela-
tivistic Hamiltonian

ShNR = pR + pNR + (hR) 0" + (hJR), 0"
+ (R o™ + (W) ot + (BR), 0"
+ (KN -0, (108)

where the spin-independent terms take the form
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TABLE IV. Nonrelativistic coefficients for Lorentz violation.

Coefficient n Number
agﬁn =0 n—2n—4..=0 Hn+1D(n+2)
cl,f}i,, =0 n—2n—4,...=0 %(n+l)(n+2)
O8] =0 n+ln—1,n-3..20 Hn+2)(n +3)
Zom ) =0 nALn—Ln-3..=1  la+1+u)n+4-1,)
g}j}},ﬁ‘E’ =1 nmn—2n—4,..=1 %(n+1—L,,)(n+2+L,,)
i =0 n+ln—1,n-3..=0 Ln+2)n+3)
,Ij}jn(lB) =0 n+t+lLn—1,n-3..=1 %(n+1+bn)(n+4—bn)
fj;iflE) =1 nn—2n—4,...=1 %(n+1—bn)(n+2+bn)
&ER Even, =0 0 1
Z'I,;IR Even, =0 0 1
°NR
N 0dd, =0 0 1
° NR
H, 0dd, =0 0 1
WR = Y Ipl"gY,,(Padk,  BNR = =% |p|"Y,, (P)chR, (109)
njm njm
and the spin-dependent terms are
NR(0B - NR(1B NR(1E
=Sl Y e ) = S Ipl Y, () (g + gy ),
njm njm (1 10)
NR(0B NR(1B NR(1E
(WD), = D Ipl"o Y (DHN D, (W) = = Ipl" ., ¥, (D)= HG + i),
njm njm
The nonrelativistic coefficients are related to the spherical coefficients via
(d—3—n+2k)/2
AR — d—3— (d)
Gnjm Zm ! Z ( k a(n—Zk)jm’ (111)
k=n/2
together with an identical equation relating the coefficients ¢, to cis)m, and via

S%OB) — Zmd 3—n Z/ (n _ 2k + 1)(
k=n/2
NR(1B) _ d—3—n (d—3—n+2k)/2
s (471,
NR(1E) __ d—3—n (d—3—n+2k)/2 (d)(1E)
S = 2 kz/z( K

together with three identical equations relating the coeffi-

cients H,I:IR;,I(OB) to H,(li),fIOB) H,I:Ijl;fm) to H(d)(lB) and H%),flOB),
and HNR(IE) to H (A(1E) . In all these expressions, the entan-

njm
glement of coefficients with different dimensions d arising
from the series (106) is manifest. For example, the coeffi-

cients a'%) contribute to all j = m = 1 terms at order |p|"

forn =1,3,5,.... However, for all coefficients the mini-
mum d required to produce anisotropies with a particular j is
j + 2. This means that probing effects with large j and n

njm

d—4—-—n+ 2k)/2> (d)(0B)

(n—2k)jm’

,j(j +1) @os (112)
+ 2 g(n—2k)jm ’

k

(d)(1B)
(n—2k)jm

(n—=2k)jm’

offers sensitivity to Lorentz violation involving large d that
is independent of results from lower values of n.

Some properties of the nonrelativistic coefficients are
summarized in Table IV. The first column lists the coef-
ficients, while the second column shows the allowed values
of n. The third column lists the allowed range of j, while
the last column specifies the number of independent coef-
ficients for each n value. In this column, ¢, = 1 for even n,
and ¢, = 0 for odd n. All nonrelativistic coefficients have
mass dimension 1 — n.
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In the isotropic limit, the component nonrelativistic
Hamiltonians reduce to

Z|p|"an . h =—Z|P|"C,, :
=Slpl"gn",

The nonrelativistic isotropic coefficients in these expres-
sions are related to the spherical isotropic coefficients by

(113)
(hy ), = Spl"H, "

R AR
n n » n n >
dar dar (114)
o 1 > NR 1
gl;lR _ gNR(OB), H, = HNR(OB)

\/4—77_ n00 \/4—77_ n00

The nonrelativistic isotropic coefficients have mass
dimension 1 — n, and their index and counting properties
are provided in Table IV. None correspond to Lorentz-
invariant operators.

B. Ultrarelativistic

A detailed discussion of the ultrarelativistic limit in
the context of neutrinos is given in Ref. [16]. Here, we
consider the single-fermion ultrarelativistic limit of the
Hamiltonian (80). Expanding E, gives

my,  m,
Eo=~|pl + =% — (115)
T E

However, substitution of this full series into the spherical
decomposition of the perturbative Hamiltonian generates
an expansion in powers of |p|? instead of |p|”, and the
result retains the coefficient complexity of the exact ex-
pressions (85) and (87). For example, substitution of the
full series (115) into the term &, produces

(d—3—n+2k)/2
R ) e
djm nk
(116)

(%), =
djm

—my Y 1pli ,m(p)|:

PHYSICAL REVIEW D 88, 096006 (2013)

showing that coefficients with arbitrary n contribute at
each d. This situation differs from the nonrelativistic
limit, where substitution of the full analogous series (106)
leads to a simplification of the coefficient structure. We
therefore limit attention here to the dominant term in the
series (115), which yields the perturbation Hamiltonian in
the ultrarelativistic limit to order m,,.

To see the effect of taking this ultrarelativistic limit,
consider first h,. For E,— |p| the above expression
reduces to

leld 2()

djm

(117)

(p)(zaffﬁl,),

which takes the form of an expansion in |p| and p with
ultrarelativistic coefficients consisting of the term in pa-

rentheses. We denote these coefficients by aﬁs(d). They are

superpositions of spherical coefficients with different val-
ues of n. Repeating this limiting procedure produces the
ultrarelativistic limit of all terms in the Hamiltonian (80).

The resulting perturbative ultrarelativistic Hamiltonian
has the form

ShUR = BUR + RUR + (BR), o+ + (UR), o"
+ (th),a'f + (WR) ot + (hR), 0"

P = S Ipl ¥ (D)L 4 g K0P

djm

(hUR) = m¢;Z|P|d 40

+ (hgt)-o, (118)
where the spin-independent terms are
R = Y 1pl 30, (p)a) R, (119)
djm
hOR = = |pl4=3,Y,, (p)c R (120)
djm
and the spin-dependent terms are
3
UR(d)(0B) J_,UR@)(1B)
s [
(121)

) HUR(d)(OB) n 2j HUR (@(1B)
b j+1 ’
Jm

(H)= = = D Ap1 ™ Y (P H, ) 4 i 0]

djm
FCUR@)

Most of the ultrarelativistic coefficients K,

are related to the spherical coefficients KD

UR() _ (&)
Kip = ZJanm.

njm DY expressions of the form

(122)
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However, for the B-type coefficients it is convenient to define

UR()(1B) _ A)(1B FG+ 1D (wos
gm " )—Z[gijnﬂ ”\/72 |
n

2j
UR(d)(0B Z N (d)(0B J  (d)(1B)

n

¥
UR(d)(0B) _ ~ 77(d)(0B) J  yy(d)(1B)
Hjm = Z[(Vl +1- -])Hnjm - j—l——lHnjm ];

n

Each ultrarelativistic coefficient has mass dimension
4 —d.

Information about the index ranges and counting of the
ultrarelativistic coefficients is collected in Table V. The
first column lists the coefficients, the next two provide
the allowed ranges of d and j, and the final column gives
the number of independent coefficients at each d.

In the isotropic limit, the ultrarelativistic Hamiltonian
components become

°UR o °UR o
h, = leld—SaUR(d)’ h, = —leld_3CUR(d),
d d

°UR o
(hy )y = —my, Y |pl*4g"™,
d
DUR o
(g ), = my S Ipli=4 ™. (124)
d

The connection between the ultrarelativistic isotropic co-
efficients and the spherical isotropic coefficients is

JR@ _ L ur@ sUR@ _ L ur@
N N
. 1 ° UR(d 1
UR(d) _ gUR@I0B) HoR@ _ FUR@0B)

\/4_77_00 ’ \/4_77_ 00

(125)

The ultrarelativistic isotropic coefficients have mass di-
mension 4 — d, and there is no more than 1 coefficient of
any given type at each d. None of them correspond to
Lorentz-invariant operators. The allowed dimensions d
are given in Table V.

We remark in passing that the above results differ in
detail from those obtained in the analysis of the nonmini-
mal neutrino sector in Ref. [16]. The differences arise
because the neutrino treatment involves Dirac- and
Majorana-type couplings of multiple flavors of left-handed
fermions, while the present discussion involves a single
Dirac fermion without helicity restriction.

C. Minimal SME

The minimal SME in flat spacetime [7] consists of op-
erators of renormalizable dimension d = 3, 4. In the present
context, this involves the Cartesian coefficients a®#, p®)#
6(4)#«1’, d(4)’“’, 6(4)11«’ f'(4)M, g(4))““’, and H®#v Of these, the
coefficient f*# plays no observable role and can be dis-
regarded [39,40], as described in Sec. IIB. Restricting
attention to this coefficient set, the Cartesian expansion

PHYSICAL REVIEW D 88, 096006 (2013)

n

introduced in Sec. Il A can be matched to the spherical-
harmonic one presented in Sec. IV. This produces a set
of relations connecting the minimal Cartesian and the
spherical coefficients for Lorentz violation.

The Cartesian expansion of the perturbative Hamiltonian
(75) is given by Eqs. (76) and (78). For the spin-independent
piece involving A, we can use the expressions (27) for the
effective coefficients in Eq. (77) to project onto the minimal
SME terms with d = 3 and d = 4, giving
A® = a(S)/LpW A® = —0(4)”'}17”17”,

2 (126)
AO = — Py,
m,j, m
For the spin-dependent terms in N*, combining Eq. (27)
with Eq. (79) and projecting onto the minimal SME coef-
ficients yields

NOw = _[f](3)/wpw

1
~(4)puvA ~ v 4
N@w = gQ"p,p) = (g(“”‘ - ; kb ]>pypm

1
NOW = (prd A p, p, = pdmrp,) (127)
¥

Note that in these expressions we are using the dual
coefficients §#A~” and H®*" introduced in the expansions
(26). Since in the minimal case §¥#** and b®* always

~Aprr

appear in the same linear combination g~ ~, we use the

TABLE V. Ultrarelativistic coefficients for Lorentz violation.

Coefficient d j Number

agsd 0dd, = 3 0=j=d-2 (d—1)?
;Inlf(d) Even, = 4 0==j=d-2 (d—1)?
D (oB) Even, = 4 0<j=d-3 (d —2)?
yys(d)(m) Even, = 4 Il=j=d- (d—2)d
IRDAE) Even,=4  I1=j=d-2  (d—2d

HRAO0P 0dd, =5 0<j=d-3 (d —2)

HiROP) 0dd, =3 l=j=d- (d—2)d

HR DB 0dd, = 3 l=j=d-2 (d—2)d

GUR@ 0dd, = 3 0 1

¢UR(@) Even, = 4 0 1

& oy Even, = 4 0 1

H Even, =5 0 1
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latter in making the matches that follow. Note also that the
Lorentz-invariant trace d¥#* 5 uv 18 absent from Eq. (127).

We can now match these results to the spherical expan-
sion of the perturbative Hamiltonian (75) as written in the
form (88). This gives relations between the spherical co-
efficients and the Cartesian ones for the minimal SME. To
express compactly some results, it is convenient to define
an azimuthal spin vector,

(128)

Considering first the match for spin-independent effects,

we find the four coefficients aifz”

spherical coefficients a®) by

njm

are related to the four

B) _ 4= (3t (3)

agpo = VATag, aiy-n =
3 _ /477 () G _ 27T @)
Ao = Taeffz’ apg = Tx{%—aeffj'

The coefficients ¢Y#” are related to the spherical coeffi-
cients cf;)m by

8
Cg(‘))o _ /47Tc(4)tt, c(141)( h=" ? c(4)t]
’1677 8
c(141)0 C(4)zz (4) ? C(4)IJ
27

C(ZA(‘))O ‘7 (4)J] ~2) = lsxl xli c(4)jk,
@ xi @iz, (4) _ A7 c@Wzz — 16(4)11
22( 1) 1 5 5 3

T _ ’277' ' ;
C(242)l —XLC(4)1Z, C(242)2= E)“Iﬂ—xﬁcu)jk' (130)

— | OO
)]

Note that this set of 10 coefficients contains the trace
combination 7 M,,c(“)’“’ associated with a Lorentz-invariant
operator. This trace can be removed by adding the con-
straint Cg(‘)o = 3c2%0 involving the two isotropic compo-

nents of cn -

minimal Cartesian coefficients e™®* act effectively as
d = 5 coefficients a'”* according to

Finally, as is apparent from Eq. (126), the

PHYSICAL REVIEW D 88, 096006 (2013)

1
al =~y = m—\/Ee(“)’,
v

Je) o __ L RP7 W,
A3p—1) = T (=1 - A=
(-1) 0= T, \3
6 __ 5 __ L /477 @z, (131)
azjp = “ 40 =
1 27
5 5
as) = —afy) = ke,
my

Turning next to the match for spin -dependent effects, we

begin with the terms involving g fz“ P, Disregarding the

unobservable totally antisymmetric part leaves 20

Cartesian coefficients, which can be connected to the
(4)(0B) g(4)(lB) nd

njm ° Snjm
the eight E-type spherical coefficients g(4)(1E) The nine
“4)(0B)

twelve B-type spherical coefficients g

B-type spherical coefficients g are related to

njm
Cartesian ones by

@)0B) _ ’277' (@)t @)0B) _ /477 @izt
8oi(-1) — 3 XLgeffj’ o010 T 3 getfz’

4)(0B) _ =(d)tjt (4)(0B) _ ~(4)z
o1 T _\/—3 x/+geffj’ 8100 T _‘lggeff”’

4)(©0B) _ _ k ~@tjk
12(-2) — \/30 I xk 8eft >
(4)(0B) _

T (D) ~ ()t
12(-1) "~ VQXJ et T Zerr ),
(4)(0B)

_ =)t
8120 T \/7( cffZZ_
4)(0B) _ @j ~(4)t
8121 _\/ 0 +(gefsz *+ 8efr Z/)
(4)(0B)

The three B-type spherical coefficients g
the equations

“(B) _ j 5@ jkk 4)(1B) _ T (4)zjj
821(-1) — _\/6 LEat 8210 T _Vggeffm’
(4)(13)
8211 \/

while the expressions for the eight E-type spherical coef-
ficients are

~(4)tJJ)
3 eff

k gUk, (132)

(“)(18)

njm  are given by

~(4) jkk

G (133)
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@(E) _ .’377 @)zt @WE) _ .,377 ik ~(d)jke
1=~ ¢ ij—geffﬂ’ 8110 T ! Tx/erk—geff] )
@ap _ . BT @i @ap _ -[77 F ok @)k
i T ! 7x7+ off 8xn(-2~ ! Exj*xk*geffzj’

W(E) _ /277 (@i 1 @k
822(-1) ~ ¢ ?XL (gefszz - Egeffj )

@WAE) _ . BT ik @)k
20 ! 20 +x*geff] 5

(4)(IE>_~/27T‘ _@jez L@k
82»1 T ?xﬁr(gefsz _Egeff] )

4 T L L@)zjk
g = i Tk gl (134)

Using the pseudotensor nature of the coefficients g;‘.}“ P

one can verify that the E-type and B-type coefficients are
associated with operators having parity (—1)/ and (—1)/ "1,
respectively.

The six components of the antisymmetric Cartesian
coefficients H®#” can be used to obtain the three B-type

spherical coefficients H ()OB) and the three E-type spheri-

nj
cal coefficients Hfl%l E) The three B-type ones are given by

2T . s
(3)(0B) _ 3
Hg ) = ‘/Ta,m ),

HOP — \/‘T?; 2853 (135)
HYOD — —@mw
while the three E-type ones are found to be
S = o
HOUE — —h/?xﬂrx’iljl(?’)jk, (136)

’277' i 3)i
Hﬁ)l(lE) = — ?xJJrH('mz'

The remaining 15 Cartesian coefficients d¥#* specify

15 independent spherical coefficients Hf,sj),ff)B ) Hffj'-),fllE)

corresponding to operators with mass dimension d = 5, as
can be seen from Eq. (127). The six B-type spherical

and

coefficients H)°® with even n are given by

njm
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1 27 . . 1 |4
(5)0B) _ _ (4)jt (5)(0B) _ _ (4)zt
H01(71) —¢"—3 xLd™W, Hilo —;ﬂ/_?’ d"V
sop _ 1 27 ;o (5)(0B) _ L 27
H =——a[—x, dY', H =——a|—x.d"V,
on ml/,V 3°F 21-1) 3my ¥ 3

o8 _ _ 1 /47 o8 _ 1 FW @
Hj1o __% ?d(4)tz, Hyyy _% 7xj+d(4)t]-
(137)

The six B-type spherical coefficients H,(fj),flOB ) with odd n

are determined in terms of the six symmetric parts of 4“7/
to be

HOOm — T (d<4>n + 1 d(4).ij),

1 [7 . ;
HO0B) _ —xJ xk g@Wik
202~ Y30

¥
1 T . . .
Hg)((gll?; _ mil// '%x-’, (d(4)jz 4 d(4)z./),

(138)
1 [7 1 .
5)(0B) _
Hiz(g ) — m_w ‘/;<d(4)“ -3 d(4)u)’
con _ _ L 75 g 4 g
H W = — — == (dW7 + dW),
| .
5)(0B
HY = m—w‘,%xixﬁd(“)/k.
: : : $)1E) .
The three E-type spherical coefficients H,,;, = are speci
fied in terms of the antisymmetric part of d*7* by
goun _ 1 ‘/ij_ (d@z — ),
1(~1) m, V6
O — LTk gk — gk 139
110 my V125 s (139)

gouE — b ﬁxﬁ} (dWiz — g@zi),
111 my, 6

Finally, we remark that the remaining nonzero spherical
coefficients can be constructed as combinations of the 15
above independent ones according to

(5(1B) _ (5)(0B)
H32m - _\/§H12m ’

P =", 140

(5)(1B) _ (5)(0B) (5)(0B)
H21m - _HOIm - H21m ’

Note that some spherical coefficients remain zero, as ex-
pected from the analysis in Sec. II B showing that the

absorption of the pseudovector operators A* involves
only parts of the tensor operators 7.
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VI. APPLICATIONS

Given the spherical decomposition and the various limit-
ing cases, several immediate applications become feasible.
In this section, we begin by revisiting the topics of disper-
sion and birefringence discussed in Sec. II D, presenting
quantitative expressions for the dispersion relation, the
group velocity, and the fermion spin precession in various
limits. We next take advantage of the generality of the
SME framework to make connections to other special
models in the literature, which yields some interesting
insights. With these results in hand, we can then translate
existing astrophysical limits on isotropic Lorentz violation
in the fermion sector into constraints on isotropic spherical
SME coefficients, thereby revealing the relationships be-
tween the various approaches and the scope of the coverage
of coefficient space.

A. Dispersion and birefringence

Using the spherical decomposition to extend the discus-
sion in Sec. IID, we can generate expressions for the
dispersion relation, including several useful limiting cases.
We can also determine the group velocity of a fermion
wave packet and the spin precession of the fermion
induced by birefringence.

For simplicity, we begin by neglecting spin-dependent
effects. Using the result (41) expressed in the spherical
basis and with the birefringent contributions set to zero, the
dispersion relation can be written as

p> — m?, = 2E,SE, (141)
where
SE =Y Ef7pl" Y, (@), — 9. (142)
dnjm
The modified group velocity v, = dE/dp obeys
Ipl
lv, | = £ + Z((d 3)p? + nm¢)
0 dnjm
X Eg 5 pl" Y, () Ay, — cip). (143)

Note that either increases or decreases in the velocity are
possible, depending on the signs of the coefficients and on
the direction of travel. Note also that the corresponding

expressions for antifermions involve opposite signs for the
(d)
njm*

Including spin dependence is straightforward in the
isotropic limit. The isotropic dispersion relation also takes

coefficients a

the form (141). Denoting E as E for this case, we have
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8E ZE d—3— nlpl (a(d) (161))

° (d)
+my Y B pl(— g + H,)
dn

° (d+1
_ZE d=3=n|p|n (a(d)—o—mwgg,dﬂ) (d)im¢Hfl ))‘

dn
(144)

In these expressions, the upper and lower signs corres-
pond to positive and negative helicities, respectively. The
modified group velocity in this case is

|P| + Z((d 3)p? + nm%/l)EOd_S_"
Ey

d d+1 o(d ° (d+1)
X Ipl" @ F mygy Ve, — e £ myH, ).

(145)

The results for antiparticles take the same form but with

opposite signs for the coefficients 215,‘1) and §£,d+1). We thus
see that the two helicities for each fermion species and the
two for the corresponding antifermions all experience
generically distinct dispersion relations and group
velocities.

Many applications involve fermions at high energies,
where the ultrarelativistic limit may be appropriate. In
this limit, the dispersion relation takes the form

p? — m?, = 2|p|SER, (146)
where
SEWR = leld—3(&UR(d) T m,/,(éUR(dH) _ E_UR(d)
d
o UR(d+1
= my i) (147)

in terms of the ultrarelativistic coefficients defined in
Table V. The modified group velocity is

[WRl =1+ Y (d - 3)pld=*@"™" = m, g""*V
d

. ° UR(d+1
L ) (148)

The above expansions have some intriguing consequen-
ces. One popular approach in the literature focuses on

isotropic modifications to p> or SE involving powers
only of |pl|, restricted to dimensions d <5 or d = 6. A
potentially surprising feature in this context is that the

expansions of p? and of S E produce two completely differ-
ent limits of the general theory. As can be seen from
Egs. (141) and (144), expanding p? in this way requires
imposing the condition n = d — 2, while expanding 6FE
requires n = d — 3 instead, so the two expansions involve
distinct coefficients. Explicitly, we find
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p* —m? = 72m, 3" |pl — 28 1pl2 T 2m 80| pl3

— 209 pl* + - - (149)

and

° o ° (5) o ° (7)
SE = aff) *myH |p|l+ cz(zs)lpl2 *myHy |plP+ -,
(150)

showing that the two approaches have orthogonal content.
Note that both expansions contain terms with odd and even
powers of |p|, but the first involves only operators of even
dimension d while the second involves only operators of
odd d. The attribution of operator dimensionality in this
way is an automatic and natural consequence of the free-
dom to use field redefinitions to absorb some effects into
others, discussed in Sec. II B.

The isotropic expansions of p?> and 8E can be arranged
to match if we stipulate a priori that only ultrarelativistic
physics is relevant. In the ultrarelavistic limit, we obtain

UR(3) — ° UR(4))|p|

p*—m?*=2a +myg

o ° UR(5S
+2(—cR@ & my H ( ))|p|2
+ 2@ 5 my g pP

. ° UR(7
+ 2(—cUR(6) *myH @

= 2|p|SEVR.

)pl* + -
(151)

This expression reveals that the natural attribution of
operator dimensionalities in the ultrarelavistic expansions
involves a mixing of operators of different d at each power
of |pl.

The components h, and hy of the perturbative
Hamiltonian give rise to birefringence, which can be
viewed as a Larmor-like precession of the spin S as the
particle travels. Writing the expressions (86) in the form
hy, =h, - o and hy = hy - o, the rate of change of the
spin expectation value of a particle state localized in
momentum space is given via the commutator of the
Hamiltonian 4 with the spin § as

% = (i[h, S]) =~ 2(h, + hy) X (S).

(152)
The precession frequency is then @ = 2(h, + hy). This
generalizes the result obtained for muon precession and
used to extract constraints on muon Lorentz violation from
storage-ring data [12]. In the helicity basis, we can write
the result (152) in component form as

&S _

€2 (h, + hy)y(S,)
o (hg + hp)y(Sy)

(153)
where u, v, w range over components labeled by ( + , r,—)
and the nonzero components of the antisymmetric tensor
€"v" are specified by €’ = —i.
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In the isotropic limit, the nonzero spin-dependent terms

are given by (h,), and (hy),. The helicity states then
become stationary states, and the expression for the spin
precession takes the simple form

d(s* o
<d—t> = F2i(h g+ h ) {S*), (154)
where
° o A ° o (d)
(hy + hy), = —my Y B4 pl"(e —H,").  (155)
dn

The expectation value (S”) of the helicity remains constant
in this limit.

B. Connections to other formalisms

A few special models containing quadratic fermion op-
erators with d > 4 can be found in the existing literature.
The generality of the SME-based analysis presented above
implies that any special model based on standard field
theory can be described using a selected subset of the
Cartesian coefficients in Table I or, equivalently, of the
spherical coefficients in Table III. The SME framework
also incorporates several kinematical frameworks in a
field-theoretic context. In this subsection, we summarize
some of these links, treating first field-theoretic models and
then kinematical formalisms.

1. Field-theoretic models

Consider first special models defined via a Lagrange
density for a Dirac fermion of mass m, that contains
quadratic fermion operators with d > 4. Examples in the
literature include models with a few specific Lorentz-
violating operators of dimensions d =5 and d = 6.
Here, we identify the correspondence between these
models and the SME coefficients for Lorentz violation.

One special model with quadratic Dirac operators is
given by Myers and Pospelov [17]. This model involves
two d =5 operators for Lorentz violation constructed
using a timelike vector n*, which fixes a preferred
frame, and two corresponding parameters m,/Mp,
1,/Mp. Matching the operators to the SME framework
reveals that the nonzero Cartesian coefficients for Lorentz
violation are given by

e =N pupayp pOpag = — 12 a8
P P

(156)

In the preferred frame with n* = (1, 0, 0, 0), the model is
isotropic and can therefore be matched to isotropic spheri-
cal coefficients in the SME. We find the correspondence
i 6 _ _ M

g\ 2 (157)

° (5)
@0 MP mwMP

The model therefore involves two of the eight possible
observable isotropic degrees of freedom with d = 5 and
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d =6 listed in Table III and displayed explicitly in
Egs. (97) and (98): one of the three for d = 5, and one
of the five for d = 6. Note that the parameter 1,/Mp is
most naturally viewed as an observable isotropic d = 6
coefficient due to the freedom to make field redefinitions
absorbing all b coefficients, as discussed in Sec. II B.

An extension of this model is given by Mattingly [18],
who uses the notation u® = n®, Ep = Mp. In addition to
the two operators (156), this extension includes two others
with d = 5 parametrized by a(LS)/M I ag)/M p and four
more with d =6 controlled by the real parameters
O /Mp, & /Mp, @' /Mp, @' /Mp. Matching the
d = 5 terms to the Cartesian coefficients in the SME yields
nonzero contributions

(5) (5)
B (a) + ay )nanﬂ,

mdaB =
2Mp
s _ (0 — o) o
ms @b — _j L R naph,
2Mp
In the SME framework, Hermiticity requires ag) = a(Ls)*.

This condition appears to have been overlooked in the

literature. If @ and o are both real, then only m®e#
is nonzero; if both parameters are imaginary, then only
mgS)a,B is nonzero; while even when both parameters
are complex only two degrees of freedom appear. For
the d = 6 terms, the corresponding nonzero Cartesian co-

efficients in the SME are given by

(6) (6) ~(6) ; ~(6)
0(6)Maﬁfy=(aL +aR )np,nanﬂn)/ +Ml’l#na7]ﬂ7,
2M3 2M3

© _ (6 ~(6) _ ~(6)
d(G)ILa,B'y :Mﬂﬂnanﬁny “+ (aL ZO{R )I’lﬂ']’lan’BFy.
203 2M3
(159)

This model is also isotropic in the preferred frame with
n* = (1,0,0,0). Matching all the additional terms to the
isotropic spherical coefficients in the SME in this frame
gives

o _ap taf o +af) + & + ay

c b
0 2m¢MP ZM%
5 5 ~ (6 ~(6
5(26) _ a(L) + a%) . oz(L) + a(R)
2myM 2M3
yiP P
1
L _ ol — ol +af - &l (160)
l - )
2m,, M3
ytp
> (7) d(f) - &Ef)
H3 - _72 .
2m¢MP

This match reveals that the couplings af), ag) are most

naturally viewed as a single real observable isotropic cou-
pling at d = 6, involving observable effects that are
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inseparable from those governed by the coefficient sum
&(L@ + 515?). The combination associated with mgs)aﬁ in
Eq. (158) has no observable effects, as shown in
Sec. IIB. Also, the four degrees of freedom in the real
parameters a(Lﬁ), agf) , &(LG), Evgeﬁ) are most naturally inter-
preted as two of the five observable isotropic coefficients
with d = 6 and two of the five with d = 7.

Another special model involving quadratic Dirac opera-
tors is considered by Rubtsov, Satunin, and Sibiryakov
[19]. This isotropic model contains a d = 4 term and a
d = 6 term, with parameters x and g. It corresponds to the
SME framework in the limit

Wik = 5 57k Ok — — o §ik gim, (161)
In the preferred frame, the match to the isotropic spherical

coefficients in the SME is

e =m &) =g/, (162)

showing that the model involves another of the five pos-
sible isotropic operators for d = 6 displayed in Table III
and Eq. (98).

A more general model focusing on d = 5 operators is
given by Bolokhov and Pospelov [20], who limit attention
to operators that cannot be reduced to ones with d <5
using the equations of motion. The model involves qua-
dratic fermion operators expressed in terms of parameters
heP neB B creB pireB and E*MP These pa-
rameters form a subset of the d = 5 Cartesian coefficients
listed in Table 1. Explicitly, we find the relations

m®B =2p  pO*P = —2ingP,

aOmnaB — 6@“"3, pBOuaB — _6C$Wﬁ’

(163)
HO®rep — 12EF 1 16E P,

Counting the degrees of freedom in each relation is in-
structive. The parameters h?ﬁ and hy # are symmetric, and
so each have 10 independent components, matching the
SME counting for m®®# and m?)aﬁ . The parameters C**#

and C4*# are totally symmetric, giving 20 + 20 indepen-
dent components, whereas the SME coefficients a®#@#
and b9#2B contain a total of 40 + 40 degrees of freedom.
We remark in passing that the 20 parameters C{'"” corre-

spond to the 20 on-shell effective coefficients agsfz“ﬁ Y in

Eq. (77). The parameter E“”*# is antisymmetrized in uv
and then symmetrized in pwv /3, giving a total of 45 inde-
pendent components, while ES*"# is antisymmetrized in
a pv and then symmetrized in « 3, generating 15 indepen-
dent components. The total is 45 + 15 = 60, matching the
counting for the SME coefficients H®#?@5_ Note, how-
ever, that the 45 components of E*”*# cannot be matched
to the 45 on-shell SME effective coefficients HS;“ *BY in
Eq. (79).
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2. Kinematical formalisms

In the context of the photon sector, Sec. IV F of Ref. [30]
discusses the relationship between the SME and several
kinematical formalisms purporting to describe aspects of
Lorentz violation based on modifications of the transfor-
mation laws. In this subsection, we revisit these discus-
sions briefly in light of the insights provided by the
nonminimal fermion sector.

One kinematical approach involves models called de-
formed special relativities (DSR). These are defined as
smooth nonlinear momentum-space representations of
the usual Lorentz transformations, which is known to
imply that they have no observable consequences beyond
conventional special relativity [43]. All corresponding co-
efficients for Lorentz violation in the photon sector are
explicitly constructed in Sec. IV F 3 of Ref. [30] and
are indeed found to be unobservable. Since DSR models
are sector-independent by definition, a parallel analysis
holds for the nonminimal fermion sector discussed in the
present work, and so further consideration of DSR models
in this context provides no new insights.

Another kinematical approach, the Robertson—
Mansouri—Sex] (RMS) formalism [44], does describe cer-
tain physical deviations from special relativity. The RMS
formalism can be viewed as a special limit of the SME
requiring flat spacetime, the existence of a universal pre-
ferred frame U in which light is conventional, and only
isotropic Lorentz violation affecting clocks and rods in U.
The three RMS parameters a, b, d are experiment depen-
dent unless identical clocks and rods in the same physical
states are used as the reference standards, so caution is
required in comparing results from different experiments.
For any given experiment, the RMS parameters can in
principle be expressed in terms of SME coefficients by
incorporating the underlying physics of the clocks and
rods. The mapping from the SME to the RMS formalism
is described in Sec. IV F 2 of Ref. [30].

The development of the nonminimal fermion sector in
the present work offers the opportunity to investigate fur-
ther the relationship between the RMS formalism and the
SME by considering effects from the fermion content of
clocks and rods. In general, the behavior of physical clocks
and rods is complicated and determined by properties of
their component particles and the forces involved. A de-
tailed SME description is therefore necessary for a careful
treatment of Lorentz violation in this context. However, a
phenomenological treatment in the SME vein using simple
model clocks and rods can illustrate some of the basic
features to be expected from Lorentz violation and their
role in the RMS formalism.

Consider first a clock in conventional special relativity
that ticks at a frequency w, in a comoving inertial frame. In
a different boosted frame, the frequency w = p° of the
clock and the wave vector p of its oscillations obey a
dispersion-type relation p,p* = w? — p* = wf, where
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the invariant w, plays the role of a particle mass. In
the presence of Lorentz violation, this dispersion relation
becomes modified. Ignoring possible spin effects for
simplicity, the modified relation can be written

p? = wj +2a, —2¢,, (164)
where a. and ¢, are p*-dependent effective Lorentz-
violating corrections associated with CPT-odd and
CPT-even operators, respectively. If the clock is a single
fermion of mass m,,, Eq. (164) can be viewed as a special
limit of the modified dispersion relation (41) derived in
Sec. II D [45]. To match to the RMS formalism, we must
further restrict the clock dispersion relation by assuming
the existence of a preferred universal frame U in which the
physics describing the clock is isotropic. The dispersion
relation (164) then takes the form

PP =0} + 23 0 pl (@) — (C), (165)
dn

involving only the isotropic effective coefficients for
Lorentz violation (ch)f,d) and (Ec)f,d). The allowed values
of d and n and the coefficient counting are the same as
those given in the last four rows of Table III.

Suppose a clock obeying (165) moves at a constant
speed v in the x direction relative to U. In the comoving
inertial frame, the clock wave 4-vector can be written as
k* = (w,, 0,0, 0), where w, denotes the ticking frequency.
In the frame U, the wave 4-vector takes the form p* =
(yw., yvw,, 0,0). Combining this expression with the
dispersion relation (165), the velocity-dependent ratio of
the clock ticking frequencies w.(v) and w.(0) = w, is

Zi?o}; = 1 Yoy = 0@ = i,

(166)

In the SME, the frequency w.(v) is frame dependent. In the
RMS formalism, however, this clock serves as the time
standard, with all other times measured relative to it. The
ratio (166) reduces to 1 for vanishing v and is an even
function of v because n is even, in agreement with RMS
postulates.

Next, consider a rod in conventional special relativity
with length and orientation specified by a rest-frame wave
vector kg and a corresponding wave 4-vector k* = (0; k).
A simple choice of rod is the Compton wavelength of a
single particle, which could be of a species different from
any involved in the time standard. Other rod choices are
possible, such as one formed from particles with frequen-
cies locked to an internal clock. In a boosted frame, the
wave 4-vector p* of the rod obeys the dispersion-type
relation p> = —|ky|?. In the presence of Lorentz violation,
and assuming as before the existence of a universal pre-
ferred frame U as required by the RMS formalism, the
modified dispersion relation for the rod can be written as
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p? = —lko? + 23 w2 pl"((@)y" = ()i, (167)
dn

where the allowed values of d and n and the coefficient
counting parallel those for the clock.

If a rod with wave vector k, in a comoving frame moves
at speed v in the x direction relative to the frame U, then its
wave 4-vector in U is p# = (yvk?, vk, k}, k%). Using
the dispersion relation (167) reveals that the velocity-
dependent ratio of the wave-vector magnitudes |k, (v)l
and |k, (0)| = |k,| is

|k, (v)]
|k, (0)]

= 1= Skl (w2 (1= v = 0,000)
dn

X (@) = ()i, (168)
where v|| and v are the components of the boost velocity
parallel and perpendicular to the rod, respectively.
This expression characterizes the variations in rod length
in different Lorentz frames, explicitly showing the orienta-
tion and velocity dependence arising in the SME context. In
contrast, the rod serves as the length standard in the RMS
formalism, with all other lengths measured relative to it.
The result (168) illuminates some aspects of the RMS
formalism. The coefficients (Er)S,‘” associated with
CPT-even effects have indices d and n taking only even
values, and hence they introduce dilations involving only
even powers of v. This is in agreement with the RMS

postulates. However, the coefficients (&,)5,‘” controlling
CPT-odd effects produce shifts that are odd in v, so boosts
in opposite directions give different effects. This possibil-
ity lies outside the RMS formalism despite its origin in
comparatively simple isotropic Lorentz violations in U.
The expression (168) has another significant implica-
tion: the rod length measured in RMS coordinates is the
same when the rod is oriented along any of the three
coordinate axes, but it typically differs for other orienta-
tions. This feature appears to have been overlooked in the
literature. It emerges here in the context of a simple SME-
based model, but the dependence of the ratio (168) on
parallel and perpendicular velocities suggests it is a generic
aspect of Lorentz violation. In particular, the RMS trans-
formation assumes one rod is aligned along the boost axis
and the other two are perpendicular. The expression (168)
therefore implies that nonstandard choices of rod orienta-
tion lie outside the RMS formalism because they cannot be
linked to the frame U via a transformation of the RMS
form. This is problematic for laboratory experiments at-
tempting to report bounds in the RMS language because
the results of any measurement are meaningful only when
the chosen length standards are correctly aligned with a
particular boost and moreover only when this alignment is
maintained throughout the measurement process. This re-
quirement is challenging and perhaps impossible to satisfy
in practice due to the rotation and orbital revolution of
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the Earth and to the motion of the solar system relative to
the frame U.

For the simple model with clocks of type (165) and rods
of type (167) with RMS-compatible orientations, we can
construct explicitly the RMS transformation 7 from U to
the boosted frame and identify the RMS parameters a, b, d
and hence the factors a, B8, and § multiplying their v?
components. Assuming Einstein synchronization, T takes
the form

ay> —avy’> 0 0
—bv b 0 0
T= , (169)
0 0 d 0
0 0 0 d

where a, b, and d are functions of v that reduce to a =
1/y,b = vy, and d = 1 in the Lorentz-invariant limit. The
RMS transformation can be viewed as the product T = CA
of a standard Lorentz transformation A from U to the
comoving Lorentz frame with coordinate dilations C scal-
ing space and time relative to the chosen clocks and rods
[30]. In terms of RMS functions, the scaling matrix C is
diagonal with entries (ay, b/, d, d). The ratio (166) then
implies that the time-dilation function a is given by

1 1 . .
a= py + ;ng_d'(l/"?’d_z — 8,0)((a0) = (c)\")
dn

1 d-2 .
=1+v2[—5+§w3 4(—2 (acf))

_d_
2

2 (¢ Wt (ag) — (é)g‘“)] +0(v*). (170)

The coefficient of v? is the expression for the RMS
parameter « in terms of SME coefficients for Lorentz
violation in this simple model.

To find the RMS functions b and d for spatial dilations,
consider first a rod oriented along the boost direction x and
two rods in the orthogonal y and z directions. For the rod
lying along the x axis, the ratio (168) gives

b=y—yY lkol*H(yI 204271 =5, ;)@ = ()5
dn

= 1= vl @)
d

+ vz[% + Z|k0|d74((ér)fjdz4 + %(Er)fjdzz)] +0(?).
d
171)

The term linear in the boost v stems from CPT violation
and lies outside the RMS formalism, as discussed above.
The coefficient of the term quadratic in v? is the RMS
parameter 3.

Next, consider a rod lying along the y or z axis. In the
simple model with the ratio (168), no dilation along these
directions is produced, and so the RMS parameter d is
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found to be d = 1, implying 6 = 0. However, the result
(168) accounts only for modifications arising from the
coupling of the intrinsic wavelengths of the rod compo-
nents to the Lorentz-violating vacuum. A more realistic
phenomenological description of a rod must also allow for
couplings of the rod bulk properties such as its macro-
scopic momentum or spin. For example, if the rod has mass
M, then its bulk 4-momentum in the boosted frame takes
the form P* = M+(1, v). Suppose the effective dispersion
relation for the rod can be written as

p* = —lko|* — 2C,P? (172)

instead of the result (167). The modification vanishes when
the rod is at rest in U but otherwise leads to an isotropic rod
distortion given by

b_ kW)
Y |k,.(0)]
=1+ (lky|2C,M?*)v* + O(v?).

= 1+ [kl 2C, M2y
(173)

In this case, the RMS parameter d is nonzero, and the
1

coefficient multiplying v? is the parameter 6 = 8 — 1.

Note that in more realistic models, the parameters 8 and
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6 are independent and both nonzero. For example, the
simple phenomenological model obtained by adding the
two modifications (167) and (173) generates independent
nonzero parameters 8 and 0.

C. Astrophysical bounds

A number of papers in the literature obtain bounds on
various kinds of isotropic Lorentz violation from astrophys-
ical observations. A few of these are based on field-theoretic
models, but the bulk use an approach based on isotropic
dispersion relations. The results obtained in Secs. VI A and
VIB 1 make feasible a translation of these various bounds
into constraints on isotropic spherical coefficients in the
SME. This translation also clarifies the relationships be-
tween the different bounds and reveals the coverage of the
available coefficient space achieved to date.

Since all the astrophysical bounds are obtained at high
energies, it is appropriate to work in the ultrarelativistic
limit of the SME, with dispersion relation given by
Eq. (151). The existing bounds only involve operator di-
mensions d = 6. The possibility of helicity dependence is
disregarded by many authors, so it is also appropriate to set

. o ° UR(S) .
to zero the coefficients gUR(6) and H in these cases.

TABLE VL. Astrophysical limits on isotropic SME coefficients. Units are GeV* 4.
Dimension Sector Lower bound Coefficient Upper bound Source
d=14 Electron EER(4) <1L5x1071 [46]

—5 % 107 13< ¢URA [47]

—13x 107 5< ¢URA <2 % 10716 (48]

~1.2 X 107 16< ¢UR® [49]

—6 X 10720< cUR® [50]

Proton 5% 1078< CORW [46]
eyR@ <5X107% (47

-2 X 1072< CORW [49]

cyR@ <45%1072  [51]

—9.8 X 1072<  SRW_ RO 298 x 1072 [52]

Quark  —1Xx1073< CORW <1.8x1072"  [53]
—1x108< ¢URAW _ o URM™) <2 %1072 [53]

d=>5 Electron &SR(S) <6.5 X 1077 [54]
35X 10777< a RO [55]
—1X107%<  GURED) _py gURO 103 [53]
—4x105< IR+ gURO 4 % 1072 [56]
—1X1072< qUR®) <2.8%x 10717 [21]

Muon  —1x107¥<  afY —m, g RO <1x107* 53]
Tau —2x107B< GURO) _ppy gURO %1033 [53]
d=6 Electron —8.5X 107%< CURO) <2.5x 1072 [53]
—5.4 % 107 14< gUR© <54 %1071 [21]

Muon  —85X 1072< RO <25X 1073 [53]
Proton  —3.4 X 107%< RO <34x107%  [57]
Quark -63 X 1078< Z’SR“’) <1.7 X 107 [53]
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The reported bounds involve a variety of particle species,
including electrons, muons, taus, protons, and quarks.
For the latter, all the partonic quarks are assumed to have
the same dispersion relation. Since the present focus is on
fermions, Lorentz violation in bosons such as pions or
photons is neglected for simplicity when making
conversions.

Table VI compiles some resulting constraints on iso-
tropic Lorentz violation in the SME. The first two columns
of this table list the operator dimension and the sector of
the SME involved. The table includes constraints on mini-
mal SME operators with d = 4 as well as on ones with
nonminimal dimensions. The next three columns of the
table contain the constraints on ultrarelativistic isotropic
spherical coefficients obtained from existing bounds. The
coefficients for different particle species are distinguished
with a subscript denoting the species in question. The final
column provides the source from which the constraint is
extracted.

The table reveals that the existing bounds span different
coefficients. However, of the seven types of possible iso-
tropic ultrarelativistic spherical coefficients with d = 6,
namely, GURG) LURG). éUR(4)7 GURG), [‘jIUR(5)’ cUR(6)
§UR(6), constraints exist on at most four of them for any one
species. We see that even within the very restrictive as-
sumption of isotropic ultrarelativistic Lorentz violation,
much of the coefficient space is unconstrained to date.
Also notably lacking are limits for neutral fermions, in-
cluding neutrons and other baryons. We remark in passing
that numerous constraints exist on nonisotropic minimal
fermion operators [6], including some extracted from stud-
ies of mesons and some at impressive sensitivities.
Nonetheless, the experimental coverage of SME coeffi-
cients in the fermion sector is at present limited to a tiny
fraction of the available possibilities.

and

VII. SUMMARY

In this work, the general quadratic theory of a single
Dirac fermion in the presence of Lorentz violation has been
developed. Our discussion began with the construction and
basic properties of the theory (1), including two useful

decompositions of the general spinor-matrix operator ©
for Lorentz violation. The first reveals the different spin

content via the operators 3, QA’, Y, AH T W, while the
second displays CPT and other properties via the notation
i, s, G, b*, emv drhr er, R gHev ARV paralleling the
conventions in the minimal SME. Table I compiles some
features of the corresponding coefficients for Lorentz vio-
lation. In Sec. II B, we show that the physical observables
in the pure quadratic theory (1) are restricted to pieces of

V¥ and T, generalizing known results for the minimal
SME and for the nonminimal neutrino sector.

We next constructed the exact dispersion relation for a
fermion wave packet, obtaining the closed and compact
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form (39). For some practical applications, an approximate
expression for the energy valid at leading order in Lorentz
violation is useful, and this is provided in Eq. (43). The
form of this equation reveals that fermions experience
anisotropy, dispersion, and birefringence when in the
presence of Lorentz violation. The covariant projection
operator yielding the spinor polarization is derived, and
the corresponding relativistic polarization vector is given
in Eq. (49).

With these key results in hand, we next turned to the
construction of the particle and antiparticle Hamiltonians
associated with the theory (1). The 2 X 2 Hamiltonian for
particles is given as Eq. (60) in Sec. Il A, while that for
antiparticles is in Eq. (64). Using the relativistic polariza-
tion vector, we can reduce the structure of these expres-
sions to the conceptually simple form (80), which separates
the particle Hamiltonian into four pieces according to spin
and CPT properties.

Despite its conceptual simplicity, the explicit form of the
Hamiltonian (80) involves coefficients with numerous in-
dices and is unwieldy for many practical applications. In
Sec. IV, we have taken advantage of the approximate
rotation symmetry present in many experimental situations
to decompose the Hamiltonian in spherical harmonics. The
result (88) involves eight sets of spherical coefficients that
characterize all types of Lorentz violation for a single
Dirac fermion. Table III summarizes the basic properties
of these coefficients. Their comparatively simple proper-
ties under rotation, exemplified in Eq. (90), make them
well suited to explicit analyses. The isotropic limit of the
perturbative Hamiltonian, which can be useful in some
treatments, is obtained in Eq. (91), and the corresponding
isotropic Lagrange density for operator dimensions d = 3,
4,5, 6 is given in Eq. (94) through (98).

For many practical purposes, limiting cases of the gen-
eral formalism are useful. Section V extracts the nonrela-
tivistic and ultrarelativistic cases and their isotropic limits.
The nonrelativistic Hamiltonian is given in Eq. (108),
and the corresponding coefficients are summarized in
Table IV. The ultrarelativistic Hamiltonian is presented in
Eq. (118), and Table V lists properties of its coefficients.
This section also explicitly connects the spherical decom-
position for operators of renormalizable dimension with
standard expressions for the minimal SME.

The final technical discussions in this paper concern
immediate applications of our results. In Sec. VI A, the
issue of dispersion and birefringence is revisited in the
spherical language. The dispersion relation, group velocity,
and the spin-precession rate (152) are derived in compact
forms in various limiting cases. We then address in
Sec. VIB the relationships between the present general
framework and some special field-theoretic models and
kinematical approaches in the literature. The combination
of the above results permits translation of a wide variety
of existing astrophysical bounds on isotropic Lorentz
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violation into constraints on isotropic spherical SME
coefficients, which are compiled in Table VI.

Overall, the results in this paper offer a comprehensive
theoretical framework for investigations of Lorentz and
CPT violation involving quadratic fermion operators. The
physical effects identified here provide a basis for future
experimental searches. Numerous types of Lorentz and CPT

PHYSICAL REVIEW D 88, 096006 (2013)

violation are unconstrained to date, and the prospects for
exploration and the potential for discovery remain bright.
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