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Recently, the PVLAS Collaboration reported an anomalously large rotation of the polarization of light
in the presence of a magnetic field in vacuum. As a possible explanation, they consider the existence of a
light spin-zero particle coupled to two photons. We propose here a method of independently testing this
result using a high-energy photon regeneration experiment (the x-ray analogue of “invisible light shining
through walls’”) using the synchrotron x rays from a free-electron laser. With such an experiment the
region of parameter space implied by PVLAS could be probed in a matter of minutes.
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Many models beyond the standard model predict the
existence of light pseudoscalar particles which are very
weakly coupled to ordinary matter. Such particles would
arise if there were a global continuous symmetry in the
theory that is spontaneously broken in the vacuum—a
notable example being the axion [1] arising from the break-
ing of a U(1) Peccei-Quinn symmetry [2], introduced to
explain the absence of strong CP violation.

Pseudoscalars may couple to two photons via the inter-
action

L4y = —1gdF,,F* = gpE - B, (1)

where g is the pseudoscalar-photon coupling, ¢ is the field
corresponding to the pseudoscalar, and F, (FM7) is the
(dual) electromagnetic field strength tensor. Correspond-
ingly, in the presence of a magnetic field B, a photon of
frequency @ may oscillate into a pseudoscalar particle of
small mass my4 < w, and vice versa. The exploitation of
this result is the basic idea behind photon regeneration
[3.,4] (sometimes called ‘““invisible light shining through
walls” experiments). Namely, if a beam of light with N,
photons is shone across a magnetic field, a fraction of these
photons will turn into pseudoscalars. This pseudoscalar
beam can then propagate freely through a wall or another
obstruction without being absorbed, and finally another
magnetic field located on the other side of the wall can
transform some of these pseudoscalars into Ny photons—
apparently regenerating these photons out of nothing. This
type of experiment was carried out in Brookhaven using
two prototype magnets for the Colliding Beam Accelerator
and was used to exclude values of the pseudoscalar-photon
coupling g <6.7 X 1077 GeV~! for my <1073 eV [5].
Recently the PVLAS collaboration has reported an
anomalous signal in measurements of the rotation of the
polarization of photons in a magnetic field in vacuum [6].
One a priori possible explanation of this apparent vacuum
magnetic dichroism is the production of a pseudoscalar
coupled to photons through Eq. (1), according to which
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photons polarized parallel to the magnetic field disappear,
leading to a rotation of the polarization plane [7]. The
region quoted in Ref. [6] that might explain this signal is
1.7X1079GeV ! <g<1.0X107> GeV™! for 0.7 X
1073 eV <m, <2.0 X 1073 eV, obtained from a combi-
nation of previous limits on g vs m,, from a similar, but less
sensitive polarization experiment in Brookhaven [5] and
the g vs my curve corresponding to the PVLAS signal. In
minimal models a pseudoscalar-photon coupling in this
region of parameter space is in contradiction with limits
derived from pseudoscalar production in stars [8], particu-
larly in the Sun [9,10]. However, in principle one can try to
find nonminimal models where, through extra interactions
or other physical effects, the absence of pseudoscalar
production in stars can be made compatible with the labo-
ratory result [11] [which only involves the interaction
shown in Eq. (1)].

The main motivation of this Letter is to suggest an
independent laboratory probe of the g&E - B interaction
without reference to a specific model of pseudoscalar
production in stars (see Refs. [12,13]). Given the unex-
pected and surprising results found in the neutrino sector
we believe this type of laboratory cross-check is certainly
warranted. Specifically, we consider the possibility of ex-
ploiting a powerful x-ray free-electron laser in a photon
regeneration experiment [14] to probe the region where the
PVLAS signal could be explained in terms of a pseudo-
scalar coupling to a light particle [16]. One of the novel
features of our proposal compared to lower-frequency
optical regeneration experiments is that, through the use
of x-ray energies, larger masses can be probed before
incoherent effects are encountered.

Two facilities have designed and, in fact, are about to
commence construction of powerful free-electron lasers
(FEL) in the x-ray range: the Linac Coherent Light
Source (LCLS) at SLAC [19] and the European X-Ray
Laser XFEL at DESY [20]. The LCLS is a free-electron
x-ray laser that will use the last kilometer of the SLAC
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linear accelerator. It will be capable of producing intense
pulses of x-ray photons at energies between (0.8 and 8 keV.
Project completion is expected in 2008 and the first experi-
ments involving the LCLS will be running in 2009. The
XFEL at DESY starting in 2012 will have several lasers
with similar characteristics with photon energies in the
1-10 keV range and an average flux of photons of approxi-
mately 10'7-10'° photons per second. Already running at
the DESY TESLA Test Facility is the VUV-FEL which
provides tunable radiation from the vacuum-ultraviolet
(10 eV) to soft x rays (200 eV), with an average flux of
about 10'8-10'° photons per second [21,22].

Our benchmark proposal uses a photon regeneration set
up with two equal magnets of magnetic field B and length
L. The first of them converts the x-ray photons from the
laser beam into pseudoscalars and the second, on the other
side of the “wall,”” converts the high-energy pseudoscalars
into x-ray photons again (see Fig. 1). We consider the
sensitivity of two experimental setups: a superconducting
magnet of L =10 m and B =10 T and a conventional
magnet with L =20 m and B =1 T. The first setup is
more appropriate for the DESY FEL facilities because of
the availability of superconducting magnets after the de-
commissioning of the electron-proton collider HERA in
mid-2007 [23,24].

The probability of photon-pseudoscalar conversion in a
constant magnetic field of length L is

1 gL sin?(4£)
P = _g2B2L2j2<_> — g2BZ 2 , (2)
4 0\ 2 e
where ¢ = w — \Jw? — m}, is the difference between the

momentum of the pseudoscalar and the photon. When the
mass of the pseudoscalar is much smaller than the photon
energy, we can approximate g = mé /2. For the magnets
and pseudoscalar masses we are considering, we have
gL < 1, so that j,— 1 and the conversion probability

simplifies to
_ 1 apgn
P=—-g°B°L~ 3)

4

Using magnets of a length of 10 m = 5.07 X 107 eV ™!
and a magnetic field of 10 T = 1.95 X 10° eV?, the proba-

bility of converting a photon into a pseudoscalar is

P=24x%10"° A = T
1070 GeV~!/ \10 T/ \10 m

An x-ray laser facility may produce on average as many
as Ny = N'|; X 10'7 photons per second (where N |; =
1-100). The number of pseudoscalar particles that are
produced per second is Ny, = PN,. The number that will
be transformed back into photons is just Ny = PNy =
P2N,. Thus we find the photon regeneration rate as

B g 4/ B \4/ L \4
Ny =06s 1N17<10‘6 Gev—1> (10 T) <10 m> - ©®

We immediately see that the PVLAS result can be tested
in a matter of minutes. We summarize the full mass de-
pendence of these potential bounds and the values of the
pseudoscalar-photon coupling that can be probed in this
way for various running times in Fig. 2. For the super-
conducting magnet and single day experiment, the region
g>89X 1078 GeV~! could be probed at 95% confi-
dence, while in a year the limit could be improved to g >
20X 1078 GeV™.

Let us summarize why we believe our proposal is of
interest. First, high frequency photons are able to avoid
pseudoscalar-photon incoherent effects, which set in for
mfl,L =~ 27w, and can probe pseudoscalar masses [26]

mg < 0.05 eV, beyond the capability of optical photons.
Second, x-ray detection can be very efficient, with an
efficiency 1 =~ 1, and with backgrounds in the laboratory
very much under control. They can be reduced by utilizing
the directionality, the pulsed time structure, and the small
bandwidth of the signal and comparing the backgrounds
when the magnets are on with the background when the
magnets are off. Note that even after accounting for a
realistic detector efficiency and backgrounds the main
conclusions of this work will remain unchanged. Thirdly,
superconducting magnets are not mandatory and so, in
principle, one can use long ordinary magnets that are
more cost effective. Moreover, a remarkable feature of
this proposal is that, if the initial conversion magnet is
placed before a target that is the subject of other experi-
ments, it is possible to perform both experiments simulta-
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Schematic figure of the regeneration experiment.
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FIG. 2 (color online). 95% confidence level exclusion region
for different running times: 1 d and 1 yr for two different
magnets (a conventional magnet with L =20m and B=1T
and a superconducting magnet with L = 10 m and B = 10 T).
We have assumed efficient (perfect) x-ray detection and an x-ray
beam with Ny = 107 s™! and w = 10 keV. Note that photons
with energies as low as ~30 eV would be adequate for testing
PVLAS without being limited by incoherent effects.

neously, since the pseudoscalar beam will propagate un-
impeded through the target.

This experiment could probe the region of parameter
space relevant to PVLAS in less than a day. The pseudo-
scalar vs scalar nature of the interaction can be tested by
varying the direction of the magnetic field with respect to
the polarization of the laser or measuring the polarization
of the regenerated photons. The possibility of tuning the
frequency of the FEL for fixed photon flux would allow a
precision determination of m . A first experiment could be
done within this year with the VUV-FEL at the TESLA Test
Facility [27]. This could serve also as a first step towards an
ambitious large scale photon regeneration experiment
[23,24], based on the XFEL and the recycling of HERA’s
400 superconducting dipole magnets (B=5T, L=
200 X 10 m), to reach within a year an unprecedented
sensitivity of g > 2.0 X 107! GeV~!, comparable to the
limits involving model-dependent astrophysical consider-
ations [8-10].
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