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Abstract In this paper, we examine the CP-violating term  an external gauge field [10]
of the Euler-Heisenberg action. We focus in the aspects ey 8242
related with the generation of such a term from a QED-like Lef = —4F + = / —jg—”mz { o s F-1
model in terms of the effective action approach. In partic- 87 Jo s 3
. . . 1
plar, we show that the generation of the CP—V'101at1ng .terfn +4(es)2(G] cot | 2es ( \/m " ]_.) 2
is closely related with both of vector and axial fermionic
bilinears. Although, these anomalous models are not a viable 1
2
extension of QED, we argue that the CP-violating term in the x coth [2€s (\/ F24+ G2+ F ) :| } , (1.1)
photon sector is obtained only from this class of models, and
not from any fundamental field theory. which, in the weak-field regime, can be cast as
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1 Introduction

In recent years we have seen an increasing interest in the
(quantum) nonlinear extension of the Maxwell’s electromag-
netic theory, mainly focused in the light-by-light scattering.
Almost 80 years have passed since the early proposals of the
light-by-light scattering in QED [1-4], until the conceptual
proposal of light-by-light scattering in ultraperipheral heavy-
ion collisions [5] and its experimental verification by ATLAS
Collaboration [6,7]. Other interests in these nonlinear correc-
tions worth mentioning are low-energy experiments, such as
PVLAS [8] and BMV [9], built to detect the presence of
vacuum magnetic birefringence.

The best framework to derive these nonlinear corrections
is in the context of (quantum) effective field theories, result-
ing in the phenomena of (quantum) self-coupling of electro-
magnetic waves in the vacuum [10-14]. One can obtain the
usual Euler—Heisenberg action from QED in the presence of
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where we have the following gauge invariant quantities

F = Fu F" = —2(E? — B?),

G =G,,F" = 4EB), (1.3)

and G, = %swpa F*? is the dual of the field strength tensor
Fup = 0,40 —0,A,.

This same expression (1.2) can also be found from per-
turbative analysis when evaluating the box diagram with
fermionic internal lines (similar expression is found for
bosonic matter, but with different numerical coefficients [11—
13]).

Since the experimental endeavour in recent years led to a
great progress in the understanding of the non linear regime
of the electromagnetic field, one can naturally ask about pos-
sible extensions of the Euler—Heisenberg action. In general,
these generalizations may be intrinsically related with the
breaking of some symmetry. In particular, we shall focus our
discussion on discrete symmetries. In light of this reasoning,
we can draw some considerations: if the action is invariant
by C, P, and T transformations, the a?-order nonlinear cor-
rections are described by (1.2). However, if we allow CP
violation, the term FG must be also added. The (quantum)
generation of this CP-violating sector is precisely the point
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of our interest. The CP-violating term G in nonlinear mod-
els has been scrutinized in the phenomenological analysis
involving the measurement of the vacuum magnetic birefrin-
gence [8,9], as well as some other aspects [15,16]. Hence,
its generation in the photon effective action deserves further
investigation, because it poses an important aspect of the
photon’s quantum dynamics. With this aim, we start Sect. 2
by establishing the main aspects of the model in the context
of effective field theory. In particular, we discuss how the
generation of this CP-violating term F G through the one-
loop quantum corrections is related with the presence of an
axial coupling among the gauge field and the matter field.
Actually, it is the mixture of axial and vector photon-matter
couplings responsible to engender the CP-violating effects
in the nonlinear action. Finally, we present our conclusions
and final remarks in Sect. 3.

2 Effective theory: the model and main features

It is well known that the Lagrangian density of QED

Ly =vy"(id, —eAy)y —myry, 2.1
is responsible to generate the C, P, and T invariant Euler—
Heisenberg action (1.2).

On the other hand, the CP-violating effects in the four
photon interactions do not exist in the Standard Model at
tree-level. But the Standard Model contains sources of pho-
ton interactions via CP-violation in terms of multi-loop level
from the weak interactions (CP-violating phase of the CKM
matrix), or by the tiny strong CP phase, and in both cases
they are negligibly small [15,16].

Hence, in order to generate perturbatively the CP-violating
term F G in the photon sector it is necessary that, at least, one
of these discrete symmetries is broken. This can be achieved
by adding new couplings related with physics beyond the
standard model. In particular, as we will discuss, these cou-
plings are necessarily axial and therefore they break both
C and P symmetries in the photon-matter couplings auto-
matically. A main consequence of the C-violation is that the
Furry’s theorem is not satisfied by this model, as we expect.
As amatter of fact, only fermionic bilinear covariants such as
axial-vector, axial-tensor, etc, coupling with the photon can
generate the CP-violating term F G in the photon sector, see
[16] for further details. Hence, we observe that only anoma-
lous fermionic models are related with the CP-violating phase
of the photon sector. We shall examine these aspects below.

The simplest interacting coupling that we can consider in
order to induce FG term is adding the axial-vector one [17]

Lint = =Vy" (8o + 8a¥ ) A = =Gy (B ALY,
2.2)
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where g, and g, refer to the coupling of the external
gauge field to the vector and axial vector current, respec-
tively. We have also introduced the following parametriza-
tion g, +gay°> = ,Beo”’5 which allows a clear visualization of
the contribution of the parity-conserving and parity-violating
(axial) terms in the perturbative analysis. Hence, the Feyn-
man rule for the fermion-photon interaction is simply given
by —i ,By“eo”’s, having the same structure as the usual QED
with the additional factor e‘WS. Moreover, we observe that
the axial part of the Lagrangian (2.2) violates the parity (P)
and charge conjugation (C) symmetry, which is odd under
P and C. Hence, unlike the usual QED, this model does not
respect the parity and charge conjugation symmetry. One
can observe from (2.2) that the electromagnetic coupling is
no longer e.

In Ref. [18], we have explicitly shown how the couplings
in (2.2), by evaluating the box diagram, induce a CP-violating
term F G in the Euler-Heisenberg effective action.

Another possibility to generate FG is to consider the
dipole operators [16]

Line = gV FY +ig' Vo, ysy FM,

where g and g’ are the fermion magnetic and electric dipole
moments, respectively. While electron’s magnetic moment
(spin) is a fundamental property, its electric dipole can arise
only from quantum corrections; actually, one has a very small
value from the CP-violating components of the CKM matrix
in the standard model [19]). Hence, although the presence
of the electron’s electric dipole in QED modifications is a
better ground than the presence of the photon-matter axial
coupling, it is also related with new physics [20].

We could keep going with further examples, but we believe
that we made our point sufficiently clear: none of the axial
fermionic bilinears necessary to generate the CP-violating
term FG can be formulated from any viable modification
of QED. The Lagrangian (2.2), considered in the present
letter and in [17], and as well the Lagrangian (2.3) considered
in [16], suffer by the presence of the well-known triangle-
anomaly; see, e.g. [21], or any book on this subject.

Hence, we conclude that the presented so far models of
a modified QED, containing an axial fermionic bilinear in
their Lagrangian that can generate the CP-violating term in
the photon sector, are not theoretically acceptable extensions
of QED. This poses an important question: if the CP-violating
term F G is being phenomenologically examined in several
studies, it is imperative to have a physically consistent frame-
work where this term can be systematically obtained through
quantum corrections in the same way as the CP-invariant
terms in the ordinary Euler—Heisenberg action.

(2.3)
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3 Conclusion

In this paper, we have examined the generation of the CP-
violating extension of the Euler—Heisenberg effective action
in terms of minimal modifications of QED. We started by
arguing that, if we wish to perturbatively generate the CP-
violating terms in the photon effective action, it is necessar-
ily to consider axial fermionic bilinears modifications of the
QED.

We have explicitly considered two models of photon-
matter couplings: (i) a parity-violating QED in terms of an
axial-vector bilinear and (ii) a QED added by dipole oper-
ators, the electron’s electric and magnetic dipole moments.
Although these couplings are sufficient to correctly generate
the CP-odd term F G they both fail in the consistency analysis
of the given models. The parity-violating model implies in the
change of the value of the electromagnetic coupling, which
is known with high accuracy experimental data; thus, any
change in the photon-electron coupling is severely constraint.
On the other hand, the second model where dipole operators
are present, fail because the electron’s electric dipole moment
is not present in QED at the tree level, but arise only through
quantum processes (CP-violating components of the CKM
matrix).

Only these drawbacks would be enough to rule out these
models which are potential candidates to consistently gen-
erate the CP-violating term of the photon sector. However,
both models suffer from an even worst problem: they are
anomalous theories. It is well known that every axial modifi-
cation of QED is anomalous, rendering thus inconsistencies
in the formulation of the model, associated with the break-
ing of unitarity and renormalizability. Thus, we can conclude
that the generation of a CP-violating effective theory in the
photon sector from a viable modification of QED is indeed
impossible.
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