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Abstract In this paper, we examine the behaviour of the
Euler—Heisenberg effective action in the presence of a novel
axial coupling among the gauge field and the fermionic
matter. This axial coupling is responsible to induce a CP-
violating term in the extended form of the Euler—Heisenberg
effective action, which is generated naturally through the
analysis of the box diagram. However, this anomalous model
is not a viable extension of QED, and we explicitly show that
the induced CP-violating term in the Euler—Heisenberg effec-
tive Lagrangian is obtained only by adding an axial coupling
to the ordinary QED Lagrangian. In order to perform our
analysis, we use a parametrization of the vector and axial
coupling constants, g, and g,, in terms of a new coupling
B. Interestingly, this parametrization allows us to explore a
hidden symmetry under the change of g, <> g, in some dia-
grams. This symmetry is explicitly observed in the analysis
of the box diagram, where we determine the A; coefficients
of ngf = M]-'z +A2g2 + 13 FG, specially the coefficient A3
related with the CP-violating term due to the axial coupling.
As a phenomenological application of the results, we com-
pute the relevant cross section for the light by light scattering
through the extended Euler—Heisenberg effective action.

1 Introduction

Discrete symmetries play a major role in particle physics,
C as charge conjugation, P as parity transformation and T
as time reversal. They eventually led to Pauli’s CPT theo-
rem, a cornerstone of particle physics [1]. Naturally, there
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are many important and interesting examples where these
discrete symmetries (or a combination of them) are violated,
e.g. CP violation in the electroweak theory and the strong CP
problem in QCD [1], P violating effects in planar QFT [2].

As a direct consequence of these fundamental results,
there is currently interest in examining the validity of the CPT
theorem [3], as well as other combinations of these discrete
symmetries in phenomenological analysis. As a part of this
endeavour, a scenario where these violation effects could be
analyzed is within the nonlinear electrodynamics, in which
implications of these nonlinear electromagnetic effects are
being examined by several experiments [4—7].

It is well known that the parity breaking is a rich sce-
nario to introduce some important phenomena, even induc-
ing massive modes, regarding the behaviour of the electro-
magnetic field in three dimensions [2]. For instance, one
can cite to the quantum Hall effect as an important physi-
cal application where the topological effects of electromag-
netism are the framework to describe this physical phenom-
ena [8]. Hence, one should expect that the violation of parity
would be also interesting in the nonlinear corrections to the
four-dimensional electrodynamics.

Nonlinear electrodynamics has a long history, from the
early proposals of the light-by-light scattering in QED [9—
14] to the conceptual proposal of light-by-light scattering in
ultraperipheral heavy-ion collisions [15] as well as its exper-
imental verification by ATLAS Collaboration [4,5]. These
nonlinear terms in the electromagnetic field equations can
be understood in terms of quantum effects in the context of
effective field theories [16], resulting in the phenomena of
quantum self-coupling of electromagnetic waves in the vac-
uum.

Interestingly, the experimental verification of the light-by-
light scattering is important since it is now serving as a labo-
ratory to investigate physics beyond the standard model sce-
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narios. These models predict new particles that couple pre-
dominantly to photons, for instance, the search for the axion-
like particles [17,18]. On the theoretical side, we have seen
in recent years great interest in the study of further nonlinear
phenomena involving the physics beyond the standard model
of gauge bosons, exploring new possibilities and the novel
(quantum) behaviour of the electromagnetic waves [19-29].
Our proposal lies within this context, where we wish to con-
sider some generalization of these previous studies and con-
sider the implications of CP-violating effects into the photon
dynamics.

As we know, the CP-violating effects in the four photon
interactions do not exist in the Standard Model at tree-level.
However, there are some sources of photon interactions via
CP-violation in terms of multi-loop level, arising from the
weak interactions (CP-violating phase of the CKM matrix),
which are negligibly small [28,30].

Therefore, for the perturbative generation of the CP-
violating term in the photon sector, it is necessary that, at
least, one of these discrete symmetries (C or P) is broken.
To this end, we can add new couplings related with physics
beyond the standard model. These couplings are necessar-
ily axial and therefore both C and P symmetries in the
photon-matter couplings are automatically broken. Indeed,
only fermionic bilinear covariants such as axial-vector, axial-
tensor, etc, coupling with the photon can produce the CP-
violating term in the photon sector, see [28,31] for further
details. This means that only anomalous fermionic models
are related with the CP-violating part of the photon sector.
As discussed in [31], the CP-violating term in the photon
sector is only obtained from physically nonviable anoma-
lous models, and not from any fundamental field theory. As
a continuation of the discussion presented in [31], we intend
to explicitly show how these anomalous couplings induce a
CP-violating term in the Euler—Heisenberg effective action.

We start Sect. 2 by establishing the main aspects of the
considered model, with a gauge field that possesses both
vector and axial couplings, and its related symmetries. Fur-
thermore, we present some definitions regarding the effective
action formalism. In Sect. 3, we discuss some details involv-
ing the (low-energy) Euler—Heisenberg (EH) Lagrangian. In
particular, we focus in developing the four-photon scattering
matrix, and how to consider the different parity preserving
and parity violating contributions to the amplitude. Our main
analysis is presented in Sect. 4, where the evaluation of the
lowest-order contribution to the box diagram (with four pho-
ton legs) is fully considered. It is important to emphasize
that, since this amplitude needs to be regularized, we follow
the ’t Hooft—Veltman rule to perform algebraic manipula-
tions with y5 within the dimensional regularization method.
Moreover, in Sect. 5 we analyze our results related with the };
coefficients of the (parity-violating) Euler—Heisenberg effec-
tive action and discuss some particular issues. In Sect. 6, as a
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phenomenological application of our results, we compute the
relevant cross section for the light by light scattering through
the extended Euler—Heisenberg effective action. Finally, we
present our conclusions and final remarks in Sect. 7.

2 The model and main features

In this section, we introduce the model and fix our notation.
The parity-violating extension of the QED minimal coupling
for the Dirac fermions in the presence of an external gauge
field is given by the following action

Su = [ dtx b0y (00, = @+ gy An) = m|weo,
2.1)

where the interacting Lagrangian density is

Line = =Vy™(gv + 8 ) Aut,

where g, and g, refer to the coupling of the external gauge
field to the vector and axial vector current, respectively. 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. Thus, unlike the usual QED, this model does
not respect the parity and charge conjugation symmetry, but
also CP conjugation is satisfied. An obvious consequence of
the C-violation is that the Furry theorem is no more satisfied
in this model. Another important comment is in regard of the
anomalous nature of this coupling. Actually, this axial-vector
coupling originates the very same Adler—Bardeen anomaly
known from the usual vector coupling of the photon [32,33].

In order to perform our perturbative analysis, we introduce
a parametrization to consider the parity-conserving (vector)
and the parity-violating (axial-vector) coupling constants in
a simpler fashion

2.2)

5
8v+ gays = BV, 2.3)
so that it is readily obtained
gy = PBcosha, g, =psinha, BP=g) —g2. (24

It is important to remark that in this new notation, the pres-
ence of a new symmetry g, <> g, is verified in the n-point
function of the gauge field, see comment below.

In terms of this parametrization, the Lagrangian density
(2.1) is rewritten as

Ly = 1/_/()()[)/”(1'3“ — B A,) — m]w(x).

As aresult, the Feynman rule for the fermion—photon interac-

(2.5)

tionis simply givenby —igy* e’ ,having the same structure
as the usual QED with the additional factor e’

In regard to the symmetries of the Lagrangian (2.5), we
observe that, with massless fermions, it is invariant under the
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following gauge transformation

o ayS - - S
Y0 = POy ), P = P P,
Au(x) = Apu(x) —0,60(x). (2.6)

Moreover, we notice that in the case of g, — 0 and g, — O,

the usual vector gauge transformation, Uy (1), and the axial

gauge transformation, U (1), are restored, respectively.'

The one-loop effective action I" for the gauge field A, is
defined as follows
I[A] = —iTrIn (ia B — m) 2.7)

or equivalently in a convenient form for the perturbative anal-
ysis

I'[A] =Z/d4x1.../d4xn
n=1

x THEEm ey, oo xn) Apy (1)« Ay, ().
(2.8)

Here, ['#*1--#n is the n-point function of the gauge field which
is defined as

e B" (171 d'pi .
| ()Cl,...,xn) = _7/11:! (27.[)4 6(;1’1)

n
iy piXi

xe i=1

EFLHn (pr, oo, pn) s

(2.9)

where the overall minus sign comes from the fermionic loop
and E/!Hn indicates the amplitude of a graph with n exter-
nal photon legs.

As a final remark, we can realize from Eq. (2.9) that
[#1-Bn is proportional to the following power of the new
(parametrized) coupling constant " = (g% — gg)%. How-
ever, the dependence of I'*!:## on the coupling constants
gy and g, does not arise only from 8" since we have a factor
"’ for each vertex (included in E!-#) that depends on
gy and g,. As we shall see in Sect. 4, in the case of interest
n = 4, we have terms proportional to ﬂ4e4°‘V5 and ,3462”"’5
within Eq. (2.9) as

5
Be* = (gy + ga + 6280 +4(giga + 08DV,
(2.10)

5
B = (gF — g + 2(g3ga — 208DV . @.11)

I As a matter of fact, we also observe the presence of this axial vector
current for the photon in a non-hermitian and PT symmetric extension
of QED [34], where this coupling is related with the (pseudoscalar)
mass term ¥ sy, and it is necessary in order to preserve the gauge
symmetry.

We can straightforwardly notice that ,34e4°‘7’5 and ,34e2°”’5
are completely symmetric and anti-symmetric under the
exchange of g, <« g,, respectively. Nevertheless, only
terms proportional to ,84340”’5 will contribute to the extended
Euler—Heisenberg Lagrangian as shown in Sect. 4; although
finite, the remaining parts contribute to different effective
action other than the Euler—Heisenberg one. Therefore, this
result allows us to undercover that the effective Lagrangian
is symmetric under g, <> g,.

3 Construction of the extended Euler-Heisenberg
Lagrangian

In order to construct the one-loop effective action for the
description of the light by light scattering, some comments
are in order. There are strong constraints such as gauge and
Lorentz invariance that should be considered in this construc-
tion. Accordingly, a gauge invariant expression to describe
the four-photon interaction can be built from the field strength
tensor F,, with proper contractions, leading to a Lorentz
scalar Lagrangian. Moreover, since our interaction term in
(2.2) violates parity, we shall have an additional term in the
extended EH Lagrangian, which is absent in its usual version.
Based on these comments, there are three kinds of terms
with mass dimension 8 that respect both gauge and Lorentz
invariance, as well as the parity violation, as below

F, G F¢ (3.1
with the definitions

F = Fu, F" = —2(E? — B?),

G =G, F* = 4(E.B), (3.2)

and G, = %sw,p(, F* is the dual of the field strength tensor
Fyy =9,A, — 0,A,. Taking into account these considera-
tions, the full structure of the extended EH Lagrangian can
be expressed as the following

Lo = MF2+ 1062 + 137G, (3.3)
where A1, Ay and A3 are the effective coupling constants
with mass dimension —4 in a four dimensional space-time.
Under parity, E — —E and B — B, the quantities F and
G transform as scalar and pseudo-scalar, respectively. Con-
sequently, 72 and G are parity-even, whereas FG is parity-
odd. This parity-odd term is not present in the ordinary EH
action. Furthermore, since under charge conjugation the field
strength changes as F,, — —F},,, the full Lagrangian (3.3)
is charge-conjugation invariant. Therefore, the quantities >
and G? are CP-even (CP-conserving) while FG is CP-odd
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(CP-violating) and hence the full Lagrangian (3.3) is not CP-
invariant.

We mention that the Standard Model contains sources of
photon interactions via CP violation at the higher multi-loop
level from the weak interactions (from the phase in the CKM
matrix), or from the QCD 6-term, and in both cases they are
negligibly small [28,30]. Given the suppression of the stan-
dard model contribution, we shall analyze the effects of this
CP-odd new coupling, A3, in the photon-photon scattering in
Sect. 6.

The values of the coupling constants A; are determined
from the one-loop quantum corrections, including the effects
of the generalized interaction (2.2). To achieve this goal, we
determine the total amplitude of the four-photon scattering as
a function of the three coupling constants A1, Ay and A3: first,
we will establish the tensor structure of the total amplitude of
the process yy — yy through the Lagrangian (3.3); second,
we will evaluate the low-energy limit (p?> < m?) of the
Feynman amplitudes related with the process yy — yy
by considering the interaction term (2.2). At last, we will
compare and match the obtained results in both methods,
allowing us to fix the values of the coupling constants A;.

Let us decompose the full effective Lagrangian (3.3) into
three pieces EE; = Z?:l L;, where we have defined
Ly =mF% Lo=1G% L3=21FG. (3.4)
The contribution of the parity-conserving (P.C.) parts, £; =
AMF? and Lo = AG?, into the amplitude for four-photon
scattering is given by [22]

M+ Mz = (B +EL) (p1, p2, p3, pa)

XE1,E3vE4pE20 - 3.5)

where ¢; = ¢(p;) are the polarization vectors corresponding
to the p; photon four-momenta. In addition, in order to obtain
the correct amplitude, we shall sum over all simultaneous
permutations of (py1, p2, p3, p4) and (i, o, v, p). As amatter
of fact, this corresponds to 24 permutations of the external
photon legs which are included in the amplitudes as

24
By =) B (P1s 2, p3. pa),

i=1
24
El(LZ];pU = Z Elé‘:’f)(f (p] » P2, P3, P4),

i=1

(3.6)

where the first contributions are straightforwardly obtained
(22]

=AVPT

2 = 40 [ - (Pl-[’3)(172-1’4)guvgpo

+2(p1.P3)guv Pao P2p — plup3up4apzp], 3.7
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Blyhy = 8A2[(p1-p3)(p4~1)2)guv8pa = 2(P1-P3)8uv P4o P2p

+ PLvP3uPio P2p + (P1-P3)8vp Pdo P2

+ (P4-P2) P1vP3p8&uc + (P3-P4) P1v P2y 8po

+ (P1-P3)P4vP2p8uc — PlvP3pPdo P2

— (P -P3)(P4-P2)g;ufgvp - (P1~P3)P4vp2ugpa

- (P3~P4)P1vp2pgua]« (3.8)
After performing the complete permutations in (3.6) and sim-
plifying it, we find that the complete parity-conserving ampli-
tude reads

(=)
P.C

= 3201 — kz)[p‘l’p?pé’pi + p{ ps Pl P}
— PiPUPSPY + PU PSPy Py — Pipi Py Pg
+ pi Py s pg ] - 32%2[17{’ PPy Py
+ pi Py Py Py — PP PSPy
— PIPyPS Py — PUPY PiPE — p?ﬁ?ﬁi‘pZ]
(3.9)

— —~ Vo —~UVOo
TP EHV«P H“vp

where B0 + Eo) - It is worth men-

tioning that in Eq. (3.9) only terms without the metric are
present, since the rest of the terms cancelled by applying the
energy—momentum conservation.

Similarly, we can express the contribution of the parity-
violating (P.V) term, £3 = A3F G, for the amplitude as the
following

My = EG(p1, P2, P3s Pa)E1uEIvELpELs (3.10)

with the definition

24
SIVpe _ mlupo _ N\ mivpo
(“ >P.V el ) M S3,0) (P1, P2, P35 P4),

i=1

@3.11)

accounting for all possible permutation of the external photon
legs. The first contribution is found as

= UVPo

Siay = 8)‘3(17‘1)!’/; - 8””(P1~P3))€p2p4p”, (3.12)

where we have defined the condensed notation €PiPifP? =

Pigpjn€et".
Inserting (3.12) back into (3.11) and summing over all
remaining permutations, we get

(c:uvpa>
—d
PV

=323 I:ptlfpgevpsmp + p?pffeww“p
P o v, P _v o
_ p1p4e“ PIP3 | plphe P1P3
+ pfpfevmpw _ pfpge“’””“’

v_ I _pipipo v M _p3pipo
+p1p361’1’:0 _p1p361717/)
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oV P o v,
+ D3 p4€#1’1174,0 + P3 21 6# P1P3

+ plphetrip 4 pfp}{e"””"‘"]. (.13)

Therefore, the total amplitude for the light by light scattering
can be cast as

Mtutal = (E;wpa)
P.C

()
PV

We can see in Eq. (3.14) that the first term corresponds to
the parity-preserving piece of the QED, while the second
piece is the novel part corresponding to the parity-violating
effects. In the next section, we will compute explicitly the
total amplitude of the photon-photon scattering by consider-
ing the generalized interacting Lagrangian (2.2).

E1u€3vE4p€o

E1uE3vELpEs - (3.14)

4 Perturbative analysis

In this section, we study the lowest order contribution to
the four-photon interaction by performing the one-loop anal-
ysis through the underlying theory at the low-energy limit
(p* <« m?). First, we consider the n = 4 term of the per-
turbative series (2.8), corresponding to the so-called box dia-
gram, depicted in Fig. 1. Using the aforementioned Feynman
rules, the amplitude of this diagram is given by

To compute the expression (4.1), first we apply the Feyn-
man parametrization which yields
N/.LU,OU'
iAMYPO =

= ra4 dX dwt
(0] ’3 ( )f /(2 )w (52 )4’

here we have used £ = k uwithu = xp1+Q+2)p3+ypsa
and [ dX = [} dx [} dy [} 7" dz. Moreover, by means
of simplicity of notatlon we have introduced

(4.3)

NPT el (£ 4y )y e (4 myy e

x (L + 45+ m))/peays(l + th3q + m)y”e“ys],
“4.4)

with the definitions #; = u — p; and u;; = u — p;
also

—pj,and

A=x(x—Dp}+ G+ +2)—1p3+y(» —Dp]
+2[y(y — D + yzl(p3.psa)

+2x(2+ 3)(p3.p1) + 22y (pa.p1) + m?. 4.5)

By means of definiteness, an important remark about the
evaluation of (4.3) is in order because the integral should be
regularized (it is logarithmically divergent). Since we have
chosen to use the dimensional regularization and the ampli-
tude involves a y5 matrix, it is necessary to use the 't Hooft—
Veltman rule in order to correctly define the y5 within the
dimensional regularization [35,36].

(1) 27.[)4 (k% _ mz)(kz _

NG f ok [(kl + m)V“eo”’S ¥+ m)yueays(h + m))/pews(k% + m)J/U@O”/5
—p* 2312
( m=) (k3

4.1
—m2)(k3, —m?) } @D

where (p’f . D3 P3s pf ) are the momenta of the external
legs, satisfying the energy—momentum conservation p; =
p2 + p3 + p4. Moreover, we have introduced the condensed
notation k; = k — p; and k;j; =k — p; — p;.

As we have discussed above, in order to find the total
amplitude for the 4-point function, we have to consider all
of 24 permutations namely,

24

AMVPT ZAMU'DU‘

total (i)
i=1

“4.2)

7, /772
H (73

Fig. 1 The box diagram contributing to (AAAA)

The ’t Hooft—Veltman method consists in the splitting of
the w dimensional spacetime into two parts: a 4-dimensional
(physical) and a (w — 4)-dimensional subspace

/dwe — /de =/d4£/d‘“_4L.

In this case, the internal momentum is expressed as below
D=4+ L= (y°€o+~--+ y3€3)

+ <V4L4 et Vw_le—1>

(4.6)

4.7

where we have denoted the internal momentum as L for the
remaining w — 4 components.

Within the 't Hooft—Veltman rule, the y5 algebra is written
as

lys, y"} =0, 1=0,1,2,3
[Vs,y“]:O, w=4 ..., 0—1,

and all other familiar rules are still valid, including the algebra

Yy =2¢", nv=01,....0

(4.8)
4.9)

—1, (4.10)
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with the metric tensor components g,,, = diag (41, —1, ...,
—1). We observe that all the external momenta p; remain 4-
dimensional, this implies that ,Zz =—L?and Kl + LK =0.

Consequently, applying the 't Hooft—Veltman rule in (4.4)
ie. £ — £+ L, we find

N0 =l (@ + 4y +m)y e (@ + o+ myy e

x (Q + i3 + m))/peays(Q + 3 + m)y"e“ys].
@.11)

We then observe the presence of two possibly divergent
terms, those proportional to £* and L*. We shall focus our
discussion on these terms, showing how they cancel and thus
imply in the finiteness of the quantum effective action.

The numerator (4.11) can be split into two parts according
to the power of m as below
N RV — Nluvpd + Nzuvpd7 (4.12)
where, N*""” and N3""”? include the odd and even powers
of m, respectively. Furthermore, we can write these terms in
regard to the power of m as the following

UVPO __ p FILVPO e VPO e
Nl - '/V’(mu3) + '/V’(muéz) + '/\/’(m3u) + ’/\[(muLz)’ (4.13)
NP N NS S 4
VPO VPO LLVPO LLVPO
+N'(m2u2) +N(m4) +N(L4) +N(L2u2)
+ N2, + N - (4.14)

A first observation is that since every term in V}"**? includes
a trace of an odd number of gamma matrices, we conclude
that N{*"”? = 0. Thus, we now insert V3"’ into (4.3) and
arrange it according to the power of the internal momentum
£ as the following

inf =—pre [ax [ £€

2m)®
UVPO e VPO
« 'M(m“) +'A/(m2u2) +/\[(u“) (4.15)
(52 — 12— A)4 ’ :
d’Q
i AT = — BT (4 /dX/
LA by BT (4) 2n)®
VPO LVPO LVPO VPO LVPO
. Nigy + Ngmy T Ny + Nzwey + N
(52 — 12— A)4 ’
(4.16)

LUVPO LLVPo
a°Q N + N,

e @-—z-ap D

iNGEY = —ﬂ4F(4)/dX

The explicit form of these terms in 3"’ can be found in the
Appendix A, Egs. (A.1)—~(A.10), and also the L dependent
terms in A are similar to those of £.

@ Springer

Now, we can show how the divergent contributions in
(4.17) are cancelled independently. As mentioned above, we
have the following logarithmically divergent terms

d*e 4oL 1

o 5 % o
em Qryo—4 (@2 - L2 — a)t ‘r[e4 Tyt ly ]
(4.18)
d*t a°tL 1 ) o
Qr)* Qm)o=4 (12 — L2 — A)* “[l”“” LyPLy ]
(4.19)

we notice that both terms have similar tensor structure
(due to the trace operation). Thus, the tensor and regu-
larized structure is nearly common for the above ¢* and
L* terms and we can use it to apply our considerations.
Hence, we can evaluate straightforwardly the momentum
integration with help of (A.1) and use of the identity

4
050:0:0y — ﬁ (857 8en + 8568y + gongre), and
show that both contributions are proportional to I" (%), where
€ =4 —w — 0%, and also to the tensor structure

- 1
NHPT = Z(gétgén + 85e8wny + g&ngté)

5
x Tr[e‘“’”’ ViyryTyly V"y”y"],

1
= Z(gazgsn + 8568ty + gangzs)

X Tr[(cosh(4oz) + Sinh(4a)y5)

xyPylyTyty V”V"V"], (4.20)
while the L contribution in Eq. (4.19) is obtained from (4.20)
as @« = 0. Moreover, we notice that the terms including
cosh(4a) and sinh(4w) refer to the parity-preserving and
parity-violating contributions, respectively. However, in the
usual QED, there is only terms with ¢ — 0, so that 8 — g,.

Finally, making use of this result and by taking into
account all the 24 (tensor and momentum) permutations of
(4.17), and also performing the relevant traces through Feyn-
Calc program, in both parity-preserving and parity-violating
pieces, we find that

24

_ Hvpo
div. > A

i=

A[LU/)O'

total

=0, 421
div. ( )

which is in accordance to the result of the usual QED. Thus,
we arrive at the same finite result for the total amplitude as
in Eq. (4.2).

After showing the UV-finiteness of the total amplitude,
we are now ready to obtain the generalized expression for the
Euler—Heisenberg effective Lagrangian. Thus, by making use
of the standard Feynman integrals, we arrive at the following
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expressions for the finite part

4
Hvpo ,3 1 LVPO LVPO ULVPO
A(l,a) = __167[2 /dX p I:-A/(m4) +~/\/(m2u2) +~/\/’(u4) ]a
(4.22)
A/j,vp(r _ ﬂ4 Xm ./’\“/;vacr +/’\7,uvpcr
(Lb) = 1672 AL @ (m?)
+ N 4 epe + Ko |, (4.23)

the quantities with tilde and hat in (4.23) indicate the inte-
grated expressions of (4.16) over the internal momenta £ and
L.

Assuming on-shell photons, p? = 0, the expression A in
(4.5) changes to

A =m*(1+8), (4.24)
where
§=2y(y—1+2) (%) +2x(z+y)(p’3n'fl)

+2xy (B3, (4.25)

Now, in the low-energy limit the photon energies are small
compared to the fermionic mass m, i.e. p;.p; < m?. Under
these considerations, we obtain

4
nvpo B 1 VPO LVPO VPO
A(lwa) - 16772 W/dx I:'A[(m“) +'/\[(m2u2) +’A/(u4) ]
x [1 e+ 352], (4.26)
A/j,vp(r _ ﬂ4 L dXx -/’\“[;vaa + cruvpo
1) = 1672 m2 2) (m?)
THUVPe | KHHVPS | RPVPT 2
+ NGy + NGz, N ][1—$+s ]
4.27)

As we have previously mentioned, we observe that A(}"]

and A(}")7 are UV finite.

To determine the generalized Euler—Heisenberg effective
action, we should concentrate in examining the term which
includes four momenta of the external photons, i.e. ./\/(’; Zf 7
in (4.26), and also discarding the § < 1 parts. Thus, using
the explicit form of ./\/'(’: Z;’ 7 in (A.9), we find

g0 4

ARPO T — —%Tr([cosh(mx) + sinh(4a)y°]
2m

(La) |4
x VBJ/MVIVUVEVanVa>/dxulauru3§u34n~
(4.28)

Now, by making use of Eq. (2.4) to return to the (g, g4) cou-
plings, and separating Eq. (4.28) into the parity-conserving

(P.C) and parity-violating (P.V) contributions, we have

s") _ (g + 8 +6878)
ut/ P.C 167‘[2m4
X Tr(y‘sy“y’y”ygypy"y“)

VPO
(A(l,a)

X /dX U sUU3EU3Ly,, (4.29)

 4(g3ga + 808D
1672m*

X TF(VSV(SV“VTVUVEVPV"VU)

(A;wpa

g()
(1.a) u4)P.V -

X /dX U sUTU3EULy,. (4.30)

A first comment about these expressions is that in the limit
ga — 0, the P.V contribution vanishes and the value of P.C
reduces to the ordinary result. Furthermore, we observe that
both contributions, P.C and P.V, are totally symmetric under
the exchange of g, < g,, corroborating our arguments of
the presence of this symmetry for the n = 4 point function.
However, this symmetry property is in disagreement with the
behaviour of the results found in Ref. [24]. But we should
emphasize that our symmetry arguments are general, since
the parametrization (2.4) is independent of the perturbative
analysis (that reflects the generality of our arguments).

After performing the remaining traces and taking the
integral over the Feynman parameters in (4.29) and (4.30)
through FeynCalc program, we should apply all of the 24
permutations

)
=

0

)
ut/ P.C

‘;’_—O

)y 300

wt/ P (@)
i=1

50
u4) p.C’

é_—O
u4)P.v’

which finally lead to the following expression of the total
parity-preserving contribution

(A[LUPO'

HVpo
(Aa,a)

2
[N

(Au.vpa

431

50) _ (83 + 84 +68085)
P.C

AMVPO
< 4 607 2m*4

u
7

x [g(ﬁfpgpkp‘; + P PiPips — Pipy PPy
+ piPS Py ps + pipy pips — pffpfpi’ﬁ)

+ (PYprZpé‘ — pips PSPy — pipspq Pk

— Py PapS s + PPy Py s — Pi‘Pprpé’)} (4.32)

@ Springer
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and also to the total parity-violating contribution

g()

ut

) _i(g38a + 8v80)
PV 24mw2m4
+ p‘fpffe”mp“p _ pfpg'prlm
4 pfpi‘LEVPlPﬂT + pfpf"“evmpﬂf
— pi’p?e“p”’“’ + pll)pétémmptf
_ pinl;eP.%pr + pngGMPIIMP

P o v P _v o
+ 5§ eMvP1P3 + Py p4EMP1P3

+ pgp}fe“plpw].

<A[,va(7

o MK _v
[Pl plevpspsr

(4.33)

One should note thatin Eq. (4.33) the coefficienti arises from
the trace of y> with the gamma matrices. Now that we have
evaluated the one-loop effective action for the generalized
parity-violating coupling, we are in a position to determine
the effective couplings A;’s by comparing these results to
those from Sect. 3.

5 Determination of the effective couplings (A1, A2, A3)

At this stage, we can determine the value of three coupling

constants appearing in the effective Lagrangian (3.3)
E.H 2 2

L, = MF + 210G+ 13FG. 5.1

This can be achieved by matching the results found in
Eqgs. (3.9) and (4.32) for the parity-preserving piece

0
(E;wpa) — (A;wpa §
pP.C

u4)P‘C7 (5-2)

as well as Egs. (3.13) and (4.33) for the parity-violating part

(E;wpa> — (A;wpcr §
PV

0
u4>P.V’

(5.3)

After some algebraic manipulations, we obtain the values of
(X1, X2) from Eq. (5.2), while (5.3) gives us the value of A3.
These expressions are summarized as

L] 16 4,32 55 16
U= S1072m® | 2550 T 158080 T 458a |
1 28 , 56 ,, 28,
= |04 0 28 4l
27 S12n2mt [45g” ts8u8at 458
A3 = _; [g3ga +gvg3] . 54)
7687 2m4 LoV a

Since the one-loop 4-point function is symmetric under the
change of g, < g,, it was expected that the effective cou-
plings A; present a similar behaviour, as verified in (5.4).
Here, as we have mentioned above, we observe again that

@ Springer

the values of the coupling constants are different from those
obtained in the Ref. [24], that do not display such a symmetric
behaviour.

To clarify this issue, let us consider two cases in the inter-
acting Lagrangian (2.2), or equivalently in the effective cou-
plings (5.4):

4 4
»EH 8y EH 78y A =0,

- 2 T 5760n2m*’

= —=Y 5.5
144072m*’ (53)

that correspond to the two limiting cases: g, = 0, g, # 0
and g, =0, g, # 0.

Both cases, in contrast to [24], lead to the same result for
the three effective coupling constants as the following which
coincides exactly with effective couplings of an ordinary
parity-conserving Euler—Heisenberg Lagrangian [16,22].

Therefore, we realize that considering the pure-vector
interaction (even-parity) or the pure-axial interaction (odd-
parity) of the gauge field with fermionic matter leads to an
identical effective action, which is parity-preserving. In the
other words, the interaction term with a distinct behaviour
under parity produces a parity-conserving effective action.
While the case g, # 0, g, # 0 yields us a generalized
effective Euler—Heisenberg action with parity-conserving
and parity-violating terms (5.4).

As the last case, we consider the V + A and V — A inter-
actions, which corresponds to g, = £g, , respectively,

Ly = —go¥0y" (1L + v )AL,

Lon=—goly" (1 =y Auy, (5.6)
and find the effective coupling constants as follows
" _ &
sa=tg  180m2m*’
Tey
)\’2 = —9
ga=%gy  7120m2m*
4
ig,
A =F—7F. 5.7
g P 3847 2m* 5.7

Naturally, as we expected, the values of the constants A;’s
(5.7) are also in disagreement with the results obtained in
[24].

6 yy — yy differential cross section

In order to examine the phenomenology of the effective
action (5.1), with the couplings (5.4), it is interesting to cal-
culate the differential cross section for the light by light scat-
tering. We would like to recall that, although the follow-
ing analysis should contain terms from the interference of
QED with the standard model’s lowest order parity-violating



Eur. Phys. J. C (2023) 83:39

Page 9of 11 39

terms, we have already discussed that these standard model’s
contribution are negligible, and shall not be considered here.

Therefore, to start the analysis of the differential cross
section for the light by light scattering, we first consider the
tensorial structure of the total amplitude in (3.14) as the fol-
lowing

BHVPT (Euup(f)PC + (EMV;OU> (61)

PV’
As a first check, we verify the Ward identity by inserting
Egs. (3.9) and (3.13) back into (6.1), and then contracting
the resulting expression with the external momenta, which
give the following

P1uBHPT = pog BT = p3, BT = py, BFPT = 0.
(6.2)

This result is expected since the effective Lagrangian (5.1)
is constructed from the gauge invariant quantities 7 and G.
The unpolarized differential cross section is proportional to
the average of the absolute square of the total amplitude as
A—IL 3" |M|? that includes the following sum over the photon
polarization states

2

D ek (p. en(p. A) = —gu + Ly, (6.3)

r=1

where L, is a longitudinal part which contraction with

EMYP vanishes, due to the Ward identity (6.2). In the center

of mass frame (CM), we define w as the photon energy and

0 as the departure angle of the final state photons. Hence, the

unpolarized differential cross section is given by

;%‘CM = (278g§ +3561g5g; + 11014g, g5

@9 [7 4+ cos(20)]?

_8) 6635520076
6.4)

+3561g2g5 + 278g§) (

m

It is worth noticing that the presence of the CP-violating term
A3FG does not change the angular distribution of the differ-
ential cross section of the QED description. Rather, its con-
tribution is only as a numerical factor; therefore, an enhance-
ment in regard of the usual value measured in the related cross
section could be a signal of the presence of parity violation
in QED.

Here, we mention that the obtained result (6.4) is also
symmetric under the exchange of g, <> g,. Moreover, in the
pure-vector and pure-axial coupling limits, we arrive at

. do . do
lim — im —
2.—0dQIlcm  g,—-0dQ2lcMm
139g8 b
= 3317760076 (ﬁ (7 + cos@O)F*.
(6.5)

We observe that these limiting cases yield us the same result,
which coincides exactly with the standard differential cross
section for the photon-photon scattering in the usual QED
[12,37], as expected.

7 Conclusion

In this paper, we have perturbatively examined the Euler—
Heisenberg effective action in the presence of an axial cou-
pling of the gauge field with the fermionic matter (that might
be ascribed to new physics, for instance, dark matter parti-
cles [25]). These novel coupling effects are responsible for
generating a CP-violating term F§ in the effective action.
We emphasize that the axial anomalous term added is not
an acceptable extension of QED and thus the induced CP-
violating term in the usual Euler—Heisenberg model as an
effective Lagrangian can be obtained only from this anoma-
lous theory, and not from any fundamental field theory. One
important aspect of our analysis is in regard of the regular-
ization to the Feynman amplitude. Since the amplitude of the
process yy — yy is divergent, and we have the presence
of an axial coupling in terms of the ys matrix, we presented
a detailed analysis of the algebraic manipulations using the
't Hooft—Veltman rule. We have shown the presence of two
possibly divergent terms, and discussed how their contribu-
tions are cancelled when 24 permutations in the box diagram
are considered.

Another point is related to a hidden symmetry of the
vector and axial couplings, which was observed in terms
of a proper parametrization. The piece of the 4-point func-
tion contributing to the extended Euler—Heisenberg effective
Lagrangian is written in terms of the parametrized couplings
Beter” = (g + g + 682¢2) + 4(glga + gu82)y’. which
allows us to verify that it is symmetric under the change of
8v <> 8q. Furthermore, this observation also allowed us to
conclude that the usual Euler—Heisenberg effective action,
which is parity-preserving, can be generated whether by the
pure-vector interaction (even-parity) or the pure-axial inter-
action (odd-parity), see Eq. (5.5). It is important to remark
that our results are in contrast to those of Ref. [24]. But we
believe that, although following different approaches, a cru-
cial point showing the correctness of our analysis is the pres-
ence of the aforementioned symmetry in the A; coefficients
of the extended Euler—Heisenberg effective Lagrangian, see
Eq. (5.4). Actually, this hidden symmetry of the box graph
under g, <> g, is absent in the results of Ref. [24].

We proceeded with a phenomenological application of the
generalized effective action, considering the effects of the
CP-violating term (as a possible new physics phenomenon),
to compute the differential cross section related to the photon-
photon scattering. As a result, we found that the angular dis-

@ Springer
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tribution of the differential cross section in the presence of
CP-violating term does not modify, except some changes in
the numerical coefficients. Hence, the effects of the parity-
violating term could be measured in terms of the enhanced
value of the cross section. It is worth to mention that the
interference of the standard model CP-violating contribution
(from the phase in the CKM matrix or from the #-term in
QCD), with the one in the present analysis, are by far smaller
[28,30] and thus not considered.
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Appendix A: The explicit form of NZ’L i

Here, we present the explicit form of the six terms appeared
in the relation (4.14)

VPO [vad VPO ,uvpcf VPO
N2 j\/’(eét) A/’(KZ 2) N A/( 242)
VPO LVPO ;wpa
+ Nowzzy T Nty + N4
JIAYoled JAYoled VPO
-A/'(L2 2) N'(LZEZ) N 2L2)’

as the following

5
Ny = EaﬂfﬁgﬂnTr[e““V V‘SV”VTVVVEVP)/"V”]»

(A1)

VPO

(@2u?) = [uagumnﬁa@r + uruzgnlsle + Lslyuruse

+ Loleursusgy + Lo byuisuzg + Zgﬁnuwur]
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5
x Tr[e““y Vay“yfy”yéy”yny“], (A2)

5
Nt = m2€a€T[Tr(ez"” Yoty Ty yPye)
+Te(VPy"y "y v y°)

+Tr 2ay5

Yoyt yPyTy?)
55

207yl SytyTyPy”)
Yy vy TyO)

2ay°

+ Tr(e

+ Tr

(e
(
("
(e

+ Tr (A3)

V“y”y‘sy"yfy“)],

NP = LyLeLeLy e[y vy y vy vy |, (A4
NOAT = mstLr[Tf()’SVMVrVUVpVJ)
+Te(y Py "y y Ty )
+Te(y Py vy yTyO)
+ Ty Y2y y Ty Py ) + Te(y vy y Py Ty )
+Tr(y“y”1/3ypy’y”)], (A5)
NG, —EaéngLn[Tr(eM voriyiy Yy yTy?)
+Tr(e7 Y Sy iy 1y Py Sy Py Ty )
+ Tr(e2”” y Yy Ty Yy Py Ty )

(e
+Tr(e 27y y iy Sy Py TyPyny )
+Te(VPy vy y Ty Py yO)

(

+TrVVVVVVVV)] (A.6)

N/u)pa

(L2 = LsLn[ulauazqu( Oy YTy )

+ ussusa Tr(e27 y Sy iy Iy Yy Py Py Ty 0
+ s Tr(e27 Y Sy iy Ty Sy Py Ty %)
+usus Tr(e 27 yEy ey Sy y Ty Py iy )
+ursus Te(y oy y Sy Yy Ty Py Ty O)

+ usuzac Te(y Sy y oy y Ty y Ty )] (A7)

5
Nt = mz[uw(urTr(eM Yoyt Ty yPyO)
+uz Tr(yoy y y Ty y°)
5
+ uzar Tr(e* V‘SJ/MVUVPVIVO))
55
+ usuz Te(e 27 y iy Py yTyPy?)
+ ususa Te(y"y oy y Py Ty o)
5
s Ty oy y ) (A
NPT = wisuczgusay Te(e7 Py iy Ty Vy Sy Py Ty ),
(A.9)

NPT = m*Tr(y yVyPy°). (A.10)

(m#)
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