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The four-dimensional Lorentz-breaking finite and determined Chern-Simons like action is generated as
a one-loop perturbative correction via an appropriate Lorentz-breaking coupling of the gauge field with
the spinor field. Unlike the known schemes of calculations, within this scheme this term is found to be
regularization independent.
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The possibility of violation of the Lorentz and CPT symmetries
in the nature has been intensively discussed in recent years [1-17].
Several theoretical investigations have pointed out that these sym-
metries can be broken. In these studies it was mostly suggested
that this violation can be implemented in QED via adding the
Chern-Simons-like term Lcs = Jk,€#*PY FypA,, with k,, being a
constant four-vector characterizing the preferred direction of the
space-time, to the photon sector, with, at the same time, another
CPT-odd term, i.e., ¥Hysy, is added to the fermion sector, with
the b, is a constant four-vector introducing CPT symmetry break-
ing. It is well known that this extension of the QED does not break
the gauge symmetry of the action and equations of motion but it
modifies the dispersion relations for different polarization of pho-
tons and Dirac spinors. The Chern-Simons-like term is known to
have some important implications, such as birefringence of light
in the vacuum [9]. Many interesting investigations in the context
of Lorentz-CPT violation have appeared recently in the literature.
For instance, several issues were addressed, such as Cherenkov-
type mechanism called “vacuum Cherenkov radiation” to test the
Lorentz symmetry [18], changing of gravitational redshifts for dif-
ferently polarized Maxwell-Chern-Simons photons [19], evidence
for the Lorentz-CPT violation from the measurement of CMB po-
larization [20], supersymmetric extensions [21], breaking of the
Lorentz group down to the little group associated with k, [22]
and magnetic monopoles inducing electric current [23]. Among
these developments one of the most interesting and controversial
results is the dynamical origin of the Lorentz-breaking parameter
k;, which arises due to integration over the fermion fields in the
modified Dirac action involving the b, vector. The result is the
induction of the Chern-Simons-like term via radiative corrections
which may lead to a relation between the parameters k;, and b,.
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The induction of the Chern-Simons-like Lorentz-CPT violating
term, Lcs, is one of the most important results in the study of the
Lorentz symmetry violation [3,4,8]. This term naturally emerges as
a perturbative correction in the theory suggested in [4] as a possi-
ble extension of QED by an axial-vector term

L=9) —my — ybysy — ey hy. (1)

After carrying out the integration over fermions, one can obtain
the relation between the coefficients k, and b, in terms of some
loop integrals with some of them being divergent. Therefore one
has to implement some regularization to calculate these integrals,
thus, the constant C relating the coefficients as k, = Cb, turns
out to be dependent on the regularization scheme used [24]. The
ambiguity of the results manifested in the dependence on the reg-
ularization scheme has been intensively discussed in the literature,
and several studies have shown that C can be found to be finite
but undetermined [25-29]. Astrophysical observations impose very
stringent experimental bounds on k,, (see [30] for different esti-
mations of the Lorentz-breaking coefficients). Since the coefficient
k;, of the radiatively induced Chern-Simons term depends on b,
it is natural to expect that the constant b, can also suffer an ex-
perimental bound in this framework. However, if ambiguities are
present there is no way to know the experimental bounds for the
constant by, because C is simply undetermined. In other words,
we cannot define the fate of the constant that is responsible for
the Lorentz and CPT violation in the fermion sector by straightfor-
ward measuring k. In the sequel we are going to extend the well
studied Lagrangian (1) in attempt to shed some light on the issue
of inducing Chern-Simons term in the ambiguity-free manner.

In this Letter we propose an extension of the usual theory
through introduction of new chiral couplings which can eliminate
such ambiguities. So, let us extend the usual Lagrangian (1) as fol-
lows:

L=y g —myy — PP+ ys)y — ey A — y5)y. (2)
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In order to show that the above Lagrangian preserves gauge invari-
ance we rewrite it in terms of new gauge fields, a vector field and
an axial field, in the form [31]

L=y —m—Y —Ays)y, 3)

where the vector and axial gauge fields are defined as Y = + e/
and A=} — eA, respectively. In this sense one can understand b,
and A, as R- and L-handed external fields. Hence, this Lagrangian
is invariant under the local vector Uy (1) gauge transformation

¥ — explia(x)]y,
v —  exp[—ia(x)],
Vi = Vy —opa(x). (4)

The couplings we propose in the theory imply in a special
gauge invariant and Lorentz-CPT violating theory which we call
“extended chiral QED”, where divergences among loop integrals are
canceled. The extension is based on the observation that one can
extend and impose some restrictions on the gauge invariant and
CPT-Lorentz violating Lagrangian (1) by replacing § and A accord-
ing to the transformations

Bys — B+ ys),
A— A —ys). (5)

One can also verify that other combinations of signs in the in-
teracting terms above produce either only divergent integrals or
mixture of divergent and finite integrals. Note that both b, and
A, manifest themselves as external fields with opposite chiralities
coupled to fermion fields. As we will show below, in this model
the divergences are canceled and no regularization scheme is re-
quired. As we just anticipated, by combining other signs of ys
in (2), one could also construct interactions with same chirality,
but in this case the divergences would persist.

The one-loop effective action Seff[b, A] of the gauge field A,
in this theory can be expressed in the form of the following func-
tional trace

Sefilb, Al = —iTrIn[p —m — B(1 + y5) — eA(1 — y5)]. (6)

Notice that in this expression, the Tr symbol stands for the trace
over Dirac matrices, trace over internal space, as well as for the in-
tegration in momentum and coordinate spaces. Hence, in the case
of Eq. (6) the calculations are complicated since because the elec-
tromagnetic field A, is coordinate dependent, hence it does not
commute with functions of momentum. Therefore it is not easy to
separate out the momentum and space dependent quantities and
carry out the integrations in respective spaces. To solve this prob-
lem, we will use the method of derivative expansion [32] (see also
[24]), and proceed as follows.
The functional trace in (6) can be represented as

Sefflb, Al = Sef[b] + Seglb, Al (7)

where the first term is Seg[b] = —i Trin[p — m — B(1 + y5)], which
does not depend on the gauge field, and the only nontrivial dy-
namics is concentrated in the second term S [b, A] given by the
following power series

o0 1 1 n
'e[b, Al=iTh B 1-— . 8
efilb, Al =1 r;n[p—m—b(l—e—ys)eﬁ( )/5)] (8)

To obtain the Chern-Simons-like term we should expand this ex-
pression up to the second order in the gauge field

Seilb, A1 =S, Al+ - 9

The dots in (9) stand for the terms of higher orders in the gauge
field. Here

. 2
S@(b, Al = —% T[Sp(PIACT — 15)Sp (DA — ¥5)], (10)

where Sy(p) is the b* dependent propagator of the theory defined
as

Sp(p) = (a1

i
p—m—BP1+ys)

Now, we can apply the key identity of the derivative expansion
method [32], that is,

Ap)Sp(p) = Sp(p —id)Ap(x), (12)

with the propagator Sp(p —id) is expanded up to the first order in
derivatives as

Sp(p —19) = Sp(P) + Sp(PIPSp(P) + - - (13)

Substituting this expression into Eq. (10), we obtain
b A1= [ d*XIT 4,0, (14)

with the one-loop self-energy tensor is given by

ie?2  d*

x Sp(P)Y*Sp(P)y* (1 —¥5)], (15)

where the symbol tr denotes the trace of the product of the
gamma matrices. Using a perturbative method for fermion prop-
agator, we can expand Sp(p) in the following series in b*

Sp(p) =S(p) + S(p)(—iB(1 + ¥5))S(P) + - -, (16)

with S(p) being the usual fermion propagator. We find

i [
2 ] @)

x SV SV (1 = ys) + SOV (1 = y5)

x S(P)(—iB(1+y5))S(P)Y*S(P)y " (1 — ys)

+SEYH A —y5)SOY*S(P)(-iB(1 + ys))

x S(p)y"(1—ys)]. (17)

Thus, taking into account the fact that {ys, y*} =0 and (y5)*> =1
and applying the following relation for trace

nkp,v —

tr[S(p) (—iB(1 + y5))S(P)yH (1 — y5)

tr(ytyty yPys) = 4iet”, (18)

we can write down the simple expression for self-energy tensor
TV as

d4p N;wpk

VA _ Qip2:a2

T*Y* = 8ie“m bﬁ/W(I)L—mZ)‘l’ (19)
where

N;pr — 26“”'00]3)”})9 + Ep.vpk(pz _ mZ)_ (20)

The key property of this expression is that, unlike the results ob-
tained earlier [8,24,33-35], this result is manifestly finite and does
not require any regularization. The exact, regularization indepen-

dent, value for IT**V is
o2

[T = e P . 21
P 372 21

Thus, the effective action (14) acquires the familiar form
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1
S=5 /d4xe)‘“”pkpAuFM, (22)

with the following relation between the constant four-vectors k,
and b,

e2

ko =372

by. (23)

The numerical coefficient relation is finite and fixed, being reg-
ularization independent. We emphasize that this result is to be
contrasted with other results obtained earlier being different from
any other finite result previously found in the model (1), regard-
less of using regulators or not. For example, in [8] the coefficient
was found, in [10] the coefficient — was found for the

3 1
1672 42’
and in [24,35] there were found several results such

1
1672
for the massive ones, in [12]—

3
1672
massless fermions and
[15,16]— 22

m-
o7 oz and 2. o _
Thus, our Lorentz-CPT violating “extended chiral QED” theory
radiatively induces a Chern-Simons term which displays unique-
ness of the result due to absence of the divergences achieved
without imposing any regularization. A natural justification of our
result can be based on the fact that the model considered in (2)
represents a more complete description of the spinor-vector cou-
pling than the usual model (1). We see that, within the deriva-
tive expansion method, for the model (1) only three contributions
arise, whereas in our model (2) twelve contributions are present.
This phenomenon can be related to the symmetry of the new chi-
ral coupling terms in the Lagrangian (2). In this Lagrangian new
vertices and new insertions into the fermion propagator are in-
troduced. They can generate new one-loop contributions in com-
parison with the usual model (1), with they are responsible for
divergence cancellations.

To explain how the cancellation of divergences and ambiguities
occurs in the theory, let us consider the one-loop Feynman dia-
grams contributing to the two-point vertex function of the vector
fields. The fermion propagator is

in

as

i +m)
Tl om?

and the coefficients for CPT violation lead to insertions into the
fermion propagator

=By =i,

The chiral and usual fermion-photon vertex are respectively

AE; — iey“ys, Ag; — _,‘ey#,

where e is the fermion charge and w the space-time index on the
photon line.

We find that the following diagrams contribute to the two-
point function:

(a) (b) (c)

(d) (e) (f)
(8) (h)

The contributions to the one-loop self-energy tensor for these

graphs look like:
uv 2 d*p v
Hyceg(@=e / 2n) tr[y*S(p)y"S(p + @)BysS(p +q)

—y*S(p)y ysS(p+DWS(p +q)
—y*ysS)Y S0+ OBS(p +q)
+y*ysS(Y ysS(p + OBysS(p + D). (24)

for the sum of the graphs a, c,e, g and

'y @ =e? /
—yES(PBS(P)y"ysS(p+q)
—yHysS(BS(P)y'S(p +9)

+ Y ysS(OBYsS()y ' vsS(p +9)]. (25)

for the sum of the graphs b, d, f, h. Here S(p) is the usual fermion
propagator. Considering the self-energy tensors generated by each
of these graphs, we can find finite and infinite contributions which
must be regularized. Thus, separate summation of contributions of
the graphs a,c,e,g or b,d, f,h can produce finite but undeter-
mined results, whereas the complete summation of all contribu-
tions leads to a result that coincides with the finite and regular-
ization independent (determined) Chern-Simons term coefficient
(23) obtained within the derivative expansion method. Thus, in
the framework of our extension we find that a theory is improved
in such a way that quantum calculations give us a finite non-
ambiguous result at the one-loop approximation.

We summarize our results as follows. Within our present anal-
ysis, we have shown that the presence of chiral couplings pre-
serving a specific gauge invariance for the Lagrangian density, by
using the derivative expansion method, allows to avoid ambigui-
ties. These special symmetry transformations maintain the gauge
invariance that takes place both for the Lagrangian density and
for the action, which yields a new finite and determined result
for the Chern-Simons coefficient. Differently of the usual theory
studied earlier (see [24] and references therein), where the break-
ing of the gauge invariance occurs at the quantum level, in the
present case the gauge invariance is maintained at both classical
and quantum levels because of the absence of regulators, and the
problem of divergences and ambiguities does not arise. The ra-
diatively induced Chern-Simons term is not gauge invariant but
its space-time integral is. Equivalently, it means that the Chern-
Simons term is invariant only for zero momentum [25]. The reg-
ularization schemes such as Pauli-Villars regularization and gauge
invariant dimensional regularization, commonly used to regularize
divergent integrals in the usual theory, require gauge invariance
at all energy scales which excludes a priori the possibility of in-
ducing a Chern-Simons term. Since Chern-Simons terms are gauge
invariant only for zero momentum, one has to use regularization
schemes which also could involve gauge invariance only at zero
momentum, in order to find a finite and determined Chern-Simons

d4pt "s S )
)t T SEWYsS®)Y S+ 0)
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term coefficient k,. A natural way to solve this problem would
consist in finding the possibility of computing the Chern-Simons
coefficient without using any regularization scheme. Thus one pos-
sibility that we have chosen in this investigation was to search for
a theory where the divergences in one-loop graphs could be elim-
inated in such a way that the remaining integrals of the theory
would be ambiguity-free. We were able to find a theory that really
does the job. The theory we formulated invokes new chiral cou-
plings which preserve a special gauge invariance whereas Lorentz
and CPT symmetries are violated. The theory represents itself as a
model where both b,,, which is present in the axial-vector term,
and the gauge vector potential A, manifest themselves as external
fields with opposite chirality interacting with fermion fields that
renders a complete cancelation of divergences and, at the same
time, no regularization scheme is required.
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