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Abstract

Photon - axion conversions in a resonant electromagnetic cavity with frequency equal to the

axion mass are considered in detail by the Feynman diagram methods. The differential cross

sections are presented and numerical evaluations are given. It is shown that there is a reso-

nant conversion for the considered process. From our results, some estimates for experimental

conditions are given.
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In the 1970's, it was shown that the strong CP problem can be solved [1] 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

10~6 eV and 10~3 eV. Besides that, an axino (the fermionic partner of the axion) naturally

appears in SUSY models [5,6], which acquires a mass from three - loop Feynman diagrams in a

typical range between a few eV up to a maximum of 1 keV [7,8].

A particle, if it has a two - photon vertex, may be created by a photon entering an external

electromagnetic (EM) field. The axion is one of such particles. 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 [9]. 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 [10,11], and the new

results of such experiments appeared recently [12,13].

An experimental EM detection of axions is briefly described as follows[14]: The initial photon

of energy q0 from the laser (maybe better from X ray) interacts with a virtual photon from the

EM field to produce the axion of energy p0 and momentum : p = JpQ — m^. 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. (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 q'o, whose detection is the signal for the production

of the axion. Recently, a photon regeneration experiment using RF photons was described in

Ref.[15]. This experiment consists of two cavities which are placed at a small distance apart. A

more or less homogeneous magnetic field exists in both cavities. The first, or emiting cavity, is

excited by incoming RF radiation. Depending on the axion-photon coupling constant, a certain

amount of RF energy will be deposited in the second, or receiving cavity. However, the author

studied the problem by using the classical method. The purpose of this paper is to consider

conversions of photons into axions in a resonant EM cavity with frequency equal to the axion

mass using the Feynman diagram methods.

For the axion- photon system a suitable Lagrangian density is given by [4,9]

L = -\F^F^ + g^^F^F"" + \d^ad^a - \m2
a<f>l[\ + O(<t>2Jv% (1)

where cf>a is the axion field, ma is its mass, F^ = ^stJ/Up<jFpa, and fa is the axion decay constant

and is defined in terms of the axion mass ma by [9,12]: fa = f^rnv y/rn^rn^[rna(rnu + md)}"1.

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 another vertex

is coupling of the axion with fermion. This coupling is model dependent and is given by:

9i = \ {it - I - ^ S ) w h e r e N = Tr(QpQQ2coior) and Ne = QPQQ2
em. Tr represents the



sume over all left - handed Weyl fermions. QPQ, Qem, and Qcolor a r e respectively the Peccei-

Quinn charge, the electric charge, and one of the generators of 5C/(3)C. In particular in the

Dine- Fischler - Srednicki - Zhitnitskii model [16]: #7(DFSZ)~ 0.36, and in the Kim- Shifman-

Vainshtein- Zakharov model [17] (where the axions do not couple to light quarks and leptons) :

27(KSVZ)~ -0.97.

Now we consider the conversion of the photon 7 with momentum q into the axion a with

momentum p in an external electromagnetic field. For the abovementioned process, the relevant

coupling is the second term in (1). Using the Feynman rules we get the following expression for

the matrix element

where k = q — p, the momentum transfer to the EM field, gai = #7^7-= 9-yCtma(mu +

™>d)(Trfirm-Ky/Tnumd)~~1 and £̂ (<f, a) represents the polarization vector of the photon. Ex-

pression (2) is valid for an arbitrary external EM field. In the following we shall use it for

conversions in the resonant EM cavity of the TMno mode with frequency equal to the axion

mass. Here we use the following notations: q = \q\,p ~ \p\ = (p2 — m2
a)

ll2 and 8 is the angle

between p and q. The nontrivial solution of the TM\\Q mode is given by [18]

Ez = (
\ a /

t£TT /TTX
n x — Hi0 bin 1

UJO \ a

y = — Eocos ( — sin - ^ , (3)
wo \ a J \ b J

here the propagation of the EM wave is in the z - direction.

Substitution of (3) to (2) gives us the following expression for the matrix element

{p\M\q) = -^^==[(ei{q,T)g2-e2(q,T)qi)Fz+ei(g,T)qoFx+e2{q,T)qQFy], (4)

where po = qo + CJ, u> = ma, and

SE0(qx -px){qy - py) cos[\a{qx ~ px)]cos[\b{qy - py)]svo[\d{qz - pz)}
p _ _̂  — _. . . . .z

F -

*67T2F2

where a, b, and d are three dimensions of the cavity and u> is the frequency of the EM field.

Substituting Eq.(5) into Eq.(4) we finaly obtain the DCS for conversions



da(y —> a)

In
2 -L n 2 \ F 2 , / , HX x + (1 - ^ ) Q 0

2 ^ 2

g2

-2qxqyFxFy - 2q0qxFyFz + 2qoqyFxFz (6)

Asuming that the momentum of the photon is paralell to y- axis then Eq. (6) gets the

final form

o 12
do{j —¥ a)

q

7T

mab
2 tan2 o?"

x
cos I ( p s i n 9 s i n cp") cos \{q — %>cos 0) sin | p s i n 9 c o s <£>"

[(psin^sin^")2 — ^

where y" is given in [19].

From (7) we have d < r ^ a ) = 0 for 9 = </?" = 0 and

for 9 = tp" = | , and P = f -

p cos 5)2 -
(7)

q2 (maq + g ) ^ m x

2 r,2 - ̂
2 V1 + J c° s ( T } ' (8)
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Figure 1: DCS as a function of the photon momentum q: the solid curve corresponds k(q) with

ma = 10~6 eV, the dashed curve kl(q) - with ma = 10~3 eV.

In order to estimate photon - axion conversions in the window mass of axions, from Eq.(8),

if Ho = \QF'cm~ll2glt'2s~l and a = b = d = 100 cm then DCS's depend on the momentum of



photons which is shown in Fig.l. The solid curve corresponds to ma = 10 6 eV and the dashed

curve correspond to ma = 10~3 eV. It implies that when the momentum of photons is per-

pendicular to the momentum of axions then there exists a resonant conversion at the value

q w 4.7xlO~2 eV, andDCS's have values in the narrow range of 5.4 xlO~19 cm2 to 6.2xlO~19cm2.

At the high values of the momentum q then DCS's have very small values. This result is much

beter than those in the wave guide ( the reader can see Refs.[14]). This is very convenient for

applying to EM detection of axions. It is to be noted that, the explicit resonance happens only

in this case and in the direction perpendicular to the direction of the photon. In the other case

(see for example [20]) the axions are produced mainly in the direction of the photon.

Finally, in this work, we propose only a theoretical ground, other problems connected with

the EM detection of axions in the resonant EM cavity will be investigated in the near future.

Acknowledgments

D.V. Soa would like to thank Prof. A. Masiero for helpful discussions at ICTP, Trieste,

Italy. This work was supported in part by the Vietnam National Basic Rearch Programme on

National Sciences under grant number KT 04.1.2/99.

References

[1] R. D. Peccei and H. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1792 (1977).

[2] S. Weinberg, Phys. Rev. Lett. 40, 223 (1977); F. Wilczek, ibid. 40, 279 (1977).

[3] J. E. Kim, Phys. Rep. 150, 1 (1987); H. Y. Cheng, ibid. 158, 1 (1988); R. D. Peccei, in CP

Violation, edited by C. Jarlskog (Advanced Series on Directions in High Energy Physics,

Vol. 3) (World Scientific, Singapore, 1989).

[4] M. S. Turner, Phys. Rep. 197, 67 (1990); G. G. Raffelt, ibid. 198, 1 (1990); E. W. Kolb

and M. S. Turner, The Early Universe, Addison- Wesley Publ. Company, 1990.

[5] J. E. Kim, Phys. Lett. B 136, 387 (1984); J. E. Kim and H. P. Nilles, Phys. Lett. B 138,

150 (1984).

[6] K. Rajagopal, M.S. Turner and F. Wilczek, Nucl. Phys. B 358, 447 (1991).

[7] M.I. Vysotsky and M. B. Voloshin, Yad. Fiz. 44, 845 (1986); M. B. Voloshin, M.I. Vysotsky

and L. B. Okun, Zh. Eksp. Teor. Fiz. 91, 745 (1986) [ Sov. Phys. JETP 64, 446 (1986) ].

[8] J. E. Kim, A. Masiero and D. V. Nanopoulos, Phys. Lett. B 139, 346 (1984).

[9] P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983); Phys. Rev. D 32, 2988 (1985).



[10] K. Van Bibber, N. R. Dagdeviren, S. E. Koonin, A. K. Kerman, and H. N. Nelson, Phys.

Rev. Lett. 59, 759 (1987); K. Van Bibber, P. M. Mclntyre, D. E. Morris, and G. G. Raffelt,

Phys. Rev. D 39, 2089 (1989).

[11] S. DePanfilis, A. C. Melissinos, B. E. Moskowitz, J. T. Rogers, Semertzidis, W. U. Wuensch,

H. J. Halama, A. G. Prodell, W. B. Fowler, and F. A. Nezrick, Phys. Rev. Lett. 59, 839

(1987).

[12] C. Hagman, P. Sikivie, N. S. Sullivan, and D. B. Tanner, Phys. Rev. D 42, 1297 (1990). For

details see, in: Dark Matter in Cosmology Clocks and Test of Fundamental Laws, edited by

B. Guiderdoni, G. Greene, D. Hinds, and J. Tran Thanh Van, Editions Frontieres, 1995.

[13] S. Moriyama, M. Minowa, T. Namba, Y. Inoue, Y. Takasu, and A. Yamamoto, Phys. Lett.

B 434, 147 (1998); M. Minowa et a/., Nucl. Phys. B 72, 171 (1999).

[14] D. V. Soa and H. H. Bang, Preprint, ICTP, Trieste, Italy, IC/99/184. To be published in

Int. J. Mod. Phys. A.

[15] F. Hoogeveen, Phys. Lett. B288, 195(1992).

[16] M. Dine, W. Fischler, and M. Srednicki, Phys. Lett. B 104, 199 (1981); A. P. Zhitnitskii,

Yad. Fiz. 31 , 497 (1980) [Sov. J. Nucl. Phys. 31, 260 (1980)].

[17] J. E. Kim, Phys. Rev. Lett. 40, 223 (1977); M.A. Shifman, A. I. Vainshtein, and V. I.

Zakharov, Nucl. Phys. B 166, 493 (1980).

[18] J. D. Jackson, Classical Electrodynamic (Wiley, 1975), Sec. 8.4.

[19] H. N. Long and L. K. Huong, Mod. Phys. Lett. A 6, 2315 (1991).

[20] H. N. Long, D. V. Soa, and T. A. Tran, Phys. Lett. B 357, 469 (1995).


