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ABSTRACT

Very light or massless spin zero particles
coupled to two photons, such as axions or
genuine Goldstone bosons, induce small changes
in the polarization state of a laser beam
travelling in a magnetic field. Severe bounds
on mass and coupling can be obtained through the
observation of changes in polarization plane and
ellipticity of the beam, at the level of accu-
racy allowed by present techmologies. A posi-
tive signal would determine mass, coupling and
parity of this hypothetical particle.
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Very accurate measurements can be performed on the variation of the polari-
zation  state of. a light beam. Indeed the attainable precision is such that one
may’' attempt to detect in this way effects related to energy or mass scales so
high as to be inaccessible with present accelerators. The experimental situation

we shall consider is thatl)’Z)

of a laser beam propagating in a constant magnetic
field of strength B, orfhogonal to the beam itself. The beam is linearly pola-
rized at the beginning; after travelling for a length L, which can be made to be
bf the order of a few kilometres, onme can detect very small values of the ellip-

ticity and very small changes in the orientation of the polarizatiom plane.

In this note, we wish to discuss the effects arising from the presence of
very light or massless pseudescalar particles coupled to ‘the electromagnetic

field by the effective interaction:
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F, , the familiar dual electromagnetic temnsor. The dimensionful
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parameter M characterizes the strength of the interaction, Typical examples of
3)
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such particles are pseudo or real Goldstome bosons [such as the axion™ or the

arions considered in Ref. 4)], associated to some spontanecusly broken chiral
symmetry. In this case, M is related to the vacuum expectation value, V, of the

field which breaks the symmetry according to:
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(¢ = e/am = (137)71) the coefficient being of order unity and model dependent.
“Thie case of a scalar field, o, will also be comsidered for completeness, with the

effective interaction:
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As we shall see, with the presently available techmologies, and for very small
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values of the pseudoscalar mass, m § 107" eV, one can be sensitive to values of
M(Mé) as high as 1010 Gev. These values compare favourably with the lower bounds

5)-7) with all the .advantages

one can set for M from astrophysical counsiderations
inherent to a laboratory experiment. The detection of a signal in the two
effects (rotation of polarization plane and non-vanishing ellipticity) allows in
principle a determination of both the mass and the coupling of this particle, as

well as a discrimination between the scalar and pseudoscalar cases.



We consider the classical equations of motion, obtained from the full
action, i.e., the Maxwell and Klein-Gordon actions for the electromagnetic and
for the pseudoscalar field, plus the interaction given in {(1). For the electro-

magnetic field strength, we write:
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where Fijt represents the external magnetic field, and Ap the vector potential

associated with the light wave., The gauge condition:
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V-A=0O
. . . >
will be used. For the case at hand, where propagation is orthogonal to B, one

can further specify4) the condition:
A,=0

. . . . .
Keeping only linear terms in A and ¢, one obtains the set of coupled equations:
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where m is the mass of the pseudoscalar particle. From Eqs. (4) we see that only
+ >
the component of A parallel to B is affected. Thus for a wave linearly polarized
>
in the orthogonal direction with respect to B, we can set:
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w and k being respectively the energy and wave number of the initial beam (|1I =

>
w, natural units used throughout). Photons polarized parallel to B mix with the

$ field. We look for solutions of the form:
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These solutioms exist if w' is a root of the secular equation derived from

Eq. (4), i.e.:
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which yields the two values:
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Note that wi > 0 for any value of the parameters, and that w_ = 0 for vanishing

k, as a consequence of the gauge invariance of the full Lagrangian. A unique

solution is obtained by imposing the initial conditioms:
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We consider now a wave which, at t = 0, is linearly polarized at an angle « with

-
respect to B, so that:
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{we omit in the following the x-dependence, iaand ] are unit vectors parallel to
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B and orthogonal to B and k, respectively). After a time t = L:
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As we discuss below, we can approximate A"(t) with the expression:
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€ and ¢ being very small quantities. To lowest order in ¢ and ¢, Eqs. (12} and
(13) represent a wave which is elliptically polarized. The vector potential

describes an ellipse with the major axis at an angle
K (L) = & - 2 € (L) Atn 2o (14)

-
with respect to B. The ellipticity e (equal to the ratic of the minor to the

major axis) 1is:
€= :‘;_“(f(")l | (1s)

Notice that the net rotation, a{L)-u«, depends upon the sign of a, which changes
>

if we flip % for fixed B. Therefore, one cannot accumulate the rotation effect

by making the light to travel back and forth in the magnet. On the other hand,

the ellipticity does accumulate.

To find £ and ¢ we have to distinguish different regimes, characterized by a
rapid or a slow variation of the phése factors appéaring in the right-hand side
of Eq. (10), with respect to the phase factor e_'imt of the orthogonal component.

In the region of rapid variation, the phase factor averages to zero, and the

corresponding term drops out. We have three different regions:

i} 'w+-w|L £ 2n. In this case w; are extremely near to w, and both the A“
and the ¢ waves propagate coherently with Al over the whole length L. By

expanding w, around w, one finds:
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The boundary of this region can be (somewhat arbitrarily) fixed at:
lw, -w|L = 27 5!

where the wave frequency w, ceases to propagate coherently. Tranmslated into a

condition for the parameters m and M, Eq. (17) reads:
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where
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ii) w+—w|L > 2n »> |w_-m L. In this region, only the wave with frequency

w. propagates coherently. By expanding w. around w in the coherent term of Eq.

{10), one finds:
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.f.
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with 6, defined in Eq. (8).

iii) |w+—m‘L >> 2x. In this regiom, 4 is completely incoherent, and trans-
formed into a mixture of photons and pseudoscalar particles. The boundary of

this region is given by the equation:
2
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This region corresponds to completely unrealistic values of M, i.e., M < Mp (see

below).
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We discuss now the experimental conditions. Foreseeable valuesz) of B, L
and w are:

B= /\05 .'Qaus.s
L = ’{oscm
W = Z.Lt e—-v- ‘ (23)

Accordingly, one obtains:
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The quantity m; sets the scale for the range of masses m to which the experiment
is sensitive. Indeed, as can be seen from the previous formulae, all effects
vanish rapidly for m >> my. For ‘example, the known pseudoscalar mesons, ¥ and
no, give unmeasurably small coutributions. Analogously, My sets the scale of
sensitivity for M except that, since the achievable sensitivity is very large and
the effects do not drop for M 2> M as fast as they do for large m, considerably

larger values of M can still be explored.

As for the sensitivity, measurements of ¢ as small as:

«42

@ =40 zadl (25)

seem to be attainableZ). By suitable modification of the apparatus proposed in
Ref. 2), one may hope to obtain the same level for the measurement of the rota-

tion in the polarization plane, n:
‘? (L) = o (L)~ (26)
In the figure we display the curves of constant ¢ and 0 corresponding to
-12
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and with the initial conditionm sin2a = 1. In the same figure, the boundaries of

the different regions, corresponding to Egs. (18) and (22), are reported.

A non-vanishing signal for ¢(L) is expected anyhow, arising from photon-
photon scattering induced by an electron loop. Using the well-known Euler-

Heisenberg effective Lagrangians) one finds:
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The presence of an almost massless pseudoscalar particle with M = 1010 Gev would
manifest itself with a sizeable deviation from the pure QED prediction. No

conventional background to n{L) is expected.

It is interesting to discuss the possibility to detect in this way an
invisible axion (3b) [the detection of cosmic axions based on the coupling in Eq.
(1) has been discussed in Ref. 9)]. For this particle ome expects a relation

between mass m and symmetry breaking vacuum expectatiom value of the form:

mV = Rom, P - (29)

with R a model-dependent coefficient. Since we expect from Eq. (2):
3
M2V
we obtain
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It is clear from the figure that R = 1 and M = 1010 Gev would give a mass too
large for a detectable effect. Measurable effects result for R ¢ 10~3. On the
other hand a truly Goldstone boson would be fully detectable, for M in this

range.

Lower bounds to M from astrophysical considerations have been widely
discussed in the literatureS)_7). The bound arises because a too large coupling
in Eq. (1) would give rise to an unacceptably large star cooling, via the

Primakoff process:

¥y+E > QeZ (1)

mediated by one-photon exchange. The most recent discussionY) gives the bound:



M > 3-4ogq€V‘ (32)

which is considerably smaller than the values considered in Fig. 1. Larger

bounds for V arise from cooling via the bremsstrahlung process

e+ £ - @,1-((:1-2. (33)

However, this bound depends on the ¢ - e - e coupling which is, a priori, inde-

pendent of the coupling in Eq. (1).

Finally, we comment on the effect induced by a scalar particle through the
coupling in Eq. (3). It is not difficult. to see that, to leading order, every-
thing is equal to the previous case but for an exchange of the parallel with the
orthogonal components of the electromagnetic field. In turn, this simply amounts

to a change of sign for the net rotation of the polarization plane, Eq. (26).

In conclusion, we have shown that a precise measurement of the change in the
polarization state of a photon travelling in a magnetic field can give signifi-
cant limits or determine the coupling, mass and parity and any hypothetical,

light, spinless particle coupled to two photons.
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FIGURE CAPTION

Lines corresponding to a given ellipticity (splid) and to a given rotation of the
polarization plane (dashed), in the m-M plane. The regions (i) to (iii) corres-
pond to the three different coherence regimes discussed in the text. The imitial
beam is assumed to be linearly polarized at 45° with respect to the magnetic

field.
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