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Abstract. Photon - axion conversions in static electromagnetic fields of the size a X b X ¢ are
considered in detail by the Feynman diagram methods. The differential cross sections are presented
and the numerical evaluations of the total cross section are given. QOur result shows that the
conversion cross-sections in the electric field are quite small, while in the strong magnetic field,
the cross-sections are much enhanced, which can be measurable in current erperiments.

I. INTRODUCTION

In the 1970’s, Peccei and H. Quinn [1] have shown that the strong CP problem can
be solved by the introduction of a light pseudoscalar particle, called the axion [2]. At
present, the axion mass is constrained by laboratory searches [3] and by astrophysical and
cosmological considerations [4] to between 1075 eV and 1073 eV. If the axion has a mass
near the low limit of order 1075 eV, it is a good candidate for the dark matter of the
universe. Besides that, an axino (the fermionic partner of the axion) naturally appears
in SUSY models [5, 6], which acquire a mass from three - loop Feynman diagrams in a
typical range between a few eV up to a maximum of 1 keV [7, 8]. Recently, the candidates
for dark matter have been done in extended models of the standard model, such as in the
3-3-1 models [9], or in extra-dimensional gauge fields [10].

A vparticle, if it has a two - photon vertex, may be created by a photon entering an
external electromagnetic (EM) field, the axion is one such particle. So far almost all
experiments designed to search for light axions make use of the coupling of the axion to
photons. Conversion of the axions into EM power in a resonant cavity was first suggested
by Sikivie [11]. He suggested that this method can be used to detect the hypothetical
galactic axion flux that would exist if axions were the dark matter of the Universe. Various
terrestrial experiments to detect invisible axions by making use of their coupling to photons
have been proposed [12, 13], and the new results of such experiments appeared recently [14,
15].

The EM detection of axions in experiments is briefly described as follows: The initial
photon of energy ¢, from the laser (may be better from X ray) interacts with a virtual
photon from the EM field to produce the axion of energy p, and momentum : p =
v/P¢ —m2. The photon beam is then blocked to eliminate everything except the axions,
which penetrate the wall because of their extremely weak interaction with ordinary matter(
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such shielding is straightforward for a low-energy laser beam). The axion then interacts
with another virtual photon in the second EM field to produce a real photon of energy ¢,
whose detection is the signal for the production of the axion. For details of experimental
setups the reader can see Refs. [12, 14]. In our previous works [16, 17|, we have calculated
the different cross-sections and numerical evaluations for the photon-axion conversions in
external EM fields. The purpose of this paper is to calculate total cross sections for the
conversion of photons into axions in strong external EM fields, namely static electric and
magnetic fields of the flat condensor of the size a x b x c.

II. MATRIX ELEMENT

The axion mass and its couplings to ordinary particles are all inversely proportional
to the magnitude v of the vacuum expectation value that spontaneously breaks the Upg(1)
quasisymmetry which was postulated by Peccei and Quinn and of which the axion is the
pseudo-Nambu - Goldstone boson. For the axion- photon system a suitable Lagrangian
density is given by [4, 11]

& Pa
4t fa

where ¢, is the axion field, m,, is its mass, F = %EWWF P? and f, is the axion decay con-
stant. It is defined in terms of the axion mass m, by [11, 14]: fo = fama/mumg[mq(m, +
mgq)]~!. Interaction of axions to the photons arieses from the triangle loop diagram, in

which two vertices are interactions of the photon to electrically charged femion and an an-

other vertex is coupling of the axion with fermion. This coupling is model dependent and

is given by: g, = % (% - % - zz;zz) where N = Tr(QpoQ?,,,) and N. = QpgQ?,,. Tr

represents the sume over all left - handed Weyl fermions. Q) pg, Qem, and Qcolor are respec-
tively the Peccei- Quinn charge, the electric charge, and one of the generators of SU(3),.
In particular in the Dine- Fischler - Srednicki - Zhitnitskii model [19]: ¢, (DFSZ)~ 0.36,
and in the Kim- Shifman- Vainshtein- Zakharov model [20] (where the axions do not cou-
ple to light quarks and leptons): ¢,(KSVZ)~ —0.97.

Consider the conversion of the photon v with momentum ¢ into the axion a with mo-
mentum p in an external electromagnetic field. For the above mentioned process, the
relevant coupling is the second term in (1). Using the Feynman rules we get the following
expression for the matrix element

1
L == _*FMVF'UIV +g’y

; Fyu B + 50,640 60 — g2+ 02/ P, (1)

_ Gay - vaf / ik7 class 7=
M|g) = ——+F"——£,(q,0)" v | €T ESSSSdr 2

where k = ¢ — p is the momentum transfer to the EM field, goy = g%r%: Gyamg (my, +
ma) (7 frmay/Mumq) !t and e#(g,o) represents the polarization vector of the photon.

Expression (2) is valid for an arbitrary external EM field. In the following we shall
use it for conversions in the electric and magnetic fields of the size a x b x c. Here we use
the following notations: ¢ = |q],p = |p] = (p2 —m2)'/? and 6 is the angle between 7 and .
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III. CONVERSIONS IN THE STATIC ELECTRIC FIELD

Now we take the EM field as a homogeneous electric field of a flat condensor of size
a X b x c. We shall use the coordinate system with the x - axis parallel to the direction of
the field, i.e., F'© = —F9 = E then the matrix element is given by

(p|M°|g) = (%)ijem o) g, Fy (R, (3)

where a form factor for the electric region
Fu(F) = / e B (7 dF
\%

The superscript e in M€ refers to the process taking place in the presence of an electric
field. For a homogeneous electric field of intensity E we have [16]

. 1 1 1
Fe(k) = 8E sin(z aky) sin(; bk, ) sin(ickz)(kxk‘ykz)_l. (4)

Substituting (4) into (3) we find finally the differential cross section (DCS) for the
conversion
do®(y —a) gng2 [sin(%akm) sin($bk,) sin(5ck.)
dQ T 2(27)2 kykyk.
From (5) we see that if the photon moves in the direction of the electric field i.e., ¢* =
(¢,9,0,0) then DCS vanishes. If the momentum of the photon is parallel to the y - axis,
ie., ¢* =(q,0,q,0) then Eq.(5) becomes
2

(g + ¢2) (5)

do(y —a) 3292, E*q* . apsinf sing' . b
T T (e BT )sin(Gla— peost))
- ,
X m(w)]z(ﬁ sin? fsin ¢’ cos ¢'(q — pcos §)) 2. (6)

where ¢’ is the angle between the z - axis and the projection of p on the xz - plane. From
(6) we have

do¢(y — a) _ 292 E*a?c? . gb o m2 )
4y >2 2 2

(27)2¢2 <1 —\1-% I

for 8 ~ 0 and

dot(y > a) = 8927&2E2 sin? bq sin2 [, /1 @ (8)
dgy (2m)%(¢* —m3) 2 2 ¢

for = Z,¢ = 0.
In the limit m2 — 0, Eqgs. (7) and (8) become, respectively,

do(y —a) gcgquVQE2
Qo 2(2m)?

+0(m?) (9)

a
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and

do(y — a) 8g2 a’E? bg\ . o cq
ol = (2;)2(12 sin? 5 s1n2(§)+0(mi) (10)

From (9) we see that DCS in the direction of the axio motion depends quadratically
on the intensity E, the volume V of condensor, and the photon momentum q.This is the
best case for the conversion.

To evaluate the total cross-section from the general formula (6) we use the parameters
chosen as in Refs. [16, 17], a = b = ¢ = 1m, the intensity of the electric field F = %
and mq = 107%eV. The total cross-section on the selected range of the provided momenta,
qg=0.1+1¢eV, are given in Fig. 1. The upper plot is depicted as 300 points, and the lower
one is for 3000 points. We can see from the figures that the cross-sections are quite small

to be measurable because of the current experimental limits.

IV. CONVERSIONS IN THE MAGNETIC FIELD

Now we take that the EM field is the homogeneous magnetic field of the flat con-
densor of the size a x b x c. We shall use the coordinate system with the z - axis parallel
to the direction of the field, i.e., F'? = —F?! = B then the matrix element is given by

ga — V' 7
<P’M‘q4 = mfu(qyaku 21(]1/Fm(k7)7 (11>

where a form factor for the magnetic region
Fo(k) = / ¢*T B(F)dF.
\%
For a homogeneous magnetic field of intensity B we have
- 1 1 1
Fn(k) =8B sin(iakm) sin(ibky) sin(ickz)(kmkykz)*l. (12)

Substituting (12) into (11) we find finally the DCS for the conversion of photons into
axions

do™(y — a) gfwtf 2.

= 1-3)F 13

dQ 2(2m)? ( q> ) (13)

m

From (13) we see that if the photon moves in the direction of the magnetic field i.e.,
" = (¢,0,0,q) then DCS vanishes. If the momentum of the photon is parallel to the x -
axis, i.e., ¢" = (¢,4,0,0) then Eq.(13) becomes

2

do™(y > a) 329a732q2 . [a . {bpsinfcos ¢’
I = e sin (i(q — pCos 0)) sin | ——————

nBsino \12 B
X sin <CpSlI12SII1<,0>:| (p*sin® O sin ¢’ cos ¢’ (¢ — pcos b)) 2, (14)
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Fig. 1. The total cross-section (cm?) for the photon-axion conversion in an electric
field as a function of provided momentum ¢ = 0.1=-1 eV. The upper plot is depicted
as 300 points, and the lower one is for 3000 points.

where ¢’ is the angle between the y - axis and the projection of p on the yz - plane. It is
easy to see that

2 12 .2p2
do™(y — a) = 290,0""B sin? |42 (1 - - ﬁg (15)

4y 2 2 2
(2r)2 (1—,/1—2221) I
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for 6 = 0 and

do™(y —a) 89275232 L ofaq\ . o[ cq ma
oY = G E = D) sin (;) sin” | 1-— 2 (16)

do™(y —a) 8¢5, B>, aq\ ., (bg mg
asy ©(27)2(g% — m2) S (5) e U ez (17)

for § = %,¢’ = 0. For the high energy limit m, < ¢, Eqs.(15),(16) and (17) become,
respectively,

do™(y —a) gqu2V232

— 1
P 202 (18)
do™(y —a) 893762B2 .9 (0q\ . o(Cq
asy © (27)2¢2 S ( 2 )Sm (5) ’ (19)
and .
do™(y —a)  89g, "B 4 raqy\ . o (bq
R IC)

From (18) we see that DCS in the direction of the photon motion depends quadratically
on the intensity B, the volume V of condensor, and the photon momentum gq. Therefore,
since the external EM field is classical we can increase the scattering probability as much
as possible by increasing the intensity of the field or the volume containing the field.

To evaluate the total cross-section from the general formula (14), the parameter values
are given as before and B = 9 Tesla = 9 x 195.35 eV? The total cross-sections on the
selected range of momenta ¢ is presented in Fig. 2. From the figures we see that the total
cross-sections for the axion production in the strong magnetic field are much bigger than
that of the electric field (o ~ 10726¢m? ), which can be measurable in current experiments.

V. CONCLUSION

With the help of the coupling of axion to photons, we have obtained the conversion
cross-sections of photon into axion in the presence of several static external fields, including
the static electric and strong magnetic fields of the size a x b x c. The numerical evaluations
of the total cross-section are also given. Our result shows that the production cross-
sections of axion in the static electric field with parameters chosen is quite small, which
is not expected to be easily observed. However, the cross-sections in the strong magnetic
field are much enhanced, which can be measurable in the current experiments.

Finally, in this work we have considered only a theoretical basis for the experiments, other
techniques concerning construction and particle detection can be found in Ref. [21].
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Fig. 2. The total cross-section (cm?) for the photon-axion conversion in magnetic
field as a function of provided momentum . The upper plot is depicted as 300
points, and the lower one is for 3000 points.
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