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We consider birefringent (i.e., polarization changing) scattering of x-ray photons at the superposition of
two optical laser beams of ultrahigh intensity and study the resonant contributions of axions or axionlike
particles, which could also be short lived. Applying the specifications of the Helmholtz International
Beamline for Extreme Fields (HIBEF), we find that this setup can be more sensitive than previous light-by-
light scattering (birefringence) or light-shining-through-wall experiments in a certain domain of parameter
space. By changing the pump and probe laser orientations and frequencies, one can even scan different
axion masses, i.e., chart the axion propagator.
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Introduction. After the discovery of the Higgs particle [1],
axions or axionlike particles are one of the most favorite
candidates for new physics beyond the standard model.
One way to motivate them is to consider the electromag-
netic field strength tensor Fμν and its dual F̃μν which can
be contracted to yield the two lowest-order Lorentz
invariants FμνFμν ¼ 2ðB2 −E2Þ ¼ −F̃μνF̃μν as well as
F̃μνFμν ¼ −4B · E. The former generates the Lagrangian
density of electromagnetism while the latter is usually
discarded because it is a total derivative. However, this
argument is only valid if the prefactor in front of this term
F̃μνFμν is a constant. If this prefactor is a dynamical field ϕ,
i.e., space-time dependent, this term does generate a non-
trivial (effective) interaction Lagrangian of the form
(ℏ ¼ c ¼ 1)

Lint ¼ gϕϕB · E; ð1Þ

where gϕ denotes the (effective) interaction strength. Since
the term F̃μνFμν is odd under parity P, the axion field ϕ is
usually considered a pseudoscalar field.
Apart from this effective field theory approach, axions

were originally proposed as a possible solution to the strong
CP problem in quantum chromodynamics (QCD), see, e.g.,
[2–8]. In the following, axions and axionlike particles will

be used synonymously. Modeling the axion field as a
massive scalar field weakly coupled to the other standard
model particles, it could also be a candidate for dark
matter [9–21] and would have important consequences for
cosmology, see, e.g., [22–28].
In search of observable effects, astronomical data pro-

vide very important sources [29–31]. Similar to neutrinos,
weakly coupled and long lived axions could provide a
cooling mechanism for stars and other astrophysical
objects (such as white dwarfs [32]), mostly due to their
coupling (1) to photons. In fact, the apparent absence of
such effects for our sun, for example, leads to significant
restrictions on the parameter space of axions [33], see
also [34,35].
Nevertheless, such astronomical observations cannot

supersede laboratory experiments. On the one hand, a
direct and active experimental manipulation is qualitatively
different from an indirect observation, in particular since
our conclusions drawn from the latter depend on our
correct understanding of stellar dynamics etc. On the other
hand, there are many reasons why axions detected in the
laboratory could still be consistent with astronomical
observations (especially if they occur on very different
scales) [36–43], for example interaction effects such as
running coupling constants or axion confinement [44–46].
The question of axion lifetimes and length scales distin-

guishes two major classes of laboratory-based experiments.
Akin to astronomical searches, one class looks for long-lived
axions propagating over macroscopic distances, including
“light-shining-through-wall” experiments [47–61] based on
the creation of axions from electromagnetic fields via the
coupling (1). Then, after propagating through the wall, the
axion is converted back into an electromagnetic signal. A
related but more indirect mechanism is based on detecting
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“missing photon energy,” e.g., at theBABAR experiment [62].
Photons produced in electron-positron collisions could
undergo axion Bremsstrahlung [63]. The signature of the
generated axions escaping the detector would then be an
observable energy loss.
As a qualitatively different class of scenarios, sensitive to

much smaller length scales, effective photon-photon inter-
actions (light-by-light scattering) could be mediated by an
internal axion line [64–77], see also Fig. 1. In this case, the
axion does not propagate a macroscopic distance and thus
such experiments would also be sensitive to axions which
are not quasifree and long lived (at the scales relevant to the
experiment).
Prominent examples for the second class are

PVLAS [78–80], BMV [81–83], and OVAL [84]. Using
a strong and static magnetic field as the pump field for
polarizing the vacuum, the goal was to detect this change
with an optical laser as the probe field. The sought-after
signal was then a rotation or flip of the optical laser
polarization, i.e., quantum vacuum birefringence.
In this work, we study an alternative scenario which is

motivated by a recent proposal [85] for detecting quan-
tum vacuum birefringence as predicted by quantum electro-
dynamics (QED). As the probe field, we envision x-ray
photons generated by an x-ray free electron laser (XFEL).
The pump field is supposed to be a superposition of two
optical lasers, which offer pump field strengths much larger
than in PVLAS. As already proposed in [85], the momen-
tum exchange between the XFEL and the pump lasers
facilitates a finite scattering angle (in the mrad regime)
which helps us to discriminate the signal photons from the
background (the main XFEL beam).

Geometry. To illustrate our main idea, let us start with the
most simple setup. The initial x-ray photon is described by
its energy ωin, momentum kin ¼ ωinnin, polarization ein,
and analogously for the final x-ray photon with ωout, kout ¼
ωoutnout and eout, as well as for the two optical lasers with
the same frequency ωL1 ¼ ωL2 ¼ ωL, but different propa-
gation directions kL1;2 ¼ ωLnL1;2 and polarizations eL1;2.
In order to obtain a resonant enhancement of our signal

(see below), while also maximizing the deflection angle of
the signal XFEL photon, we consider the case where an
optical photon is absorbed from one laser and emitted into
the other, such that energy and momentum conservation
read

ωout ¼ ωin þ ωL1 − ωL2 ¼ ωin;

kout ¼ kin þ kL1 − kL2: ð2Þ

Since we focus on the dominant (resonant) axion contri-
bution and the birefringent ein ⊥ eout signal in or close to
forward direction nin ≈ nout, the direct interaction (1)
between the initial and final x-ray photons is suppressed
and hence we focus on the s channel in Fig. 1 and neglect
the t channel.
As a consequence, each vertex (1) combines an x-ray

photon with either of the two optical lasers. By adjusting
the polarization and propagation unit vectors appropriately,
we can select the various possibilities.
Let us first consider the fully perpendicular crossed-

beam case nL1;2 ⊥nin where the two optical lasers collide
head-on nL1 ¼ −nL2; see Fig. 3(a). If we choose eL1 ¼
eL2 ¼ ein, there would be no axion contribution at all.
Rotating the optical laser polarizations to eL1 ¼ eL2 ¼ nin,
while keeping ein fixed, the axion interaction (1) would
lead to scattering with the same polarization eoutkein. A
birefringent signal eout⊥ ein could be obtained after rotat-
ing ein by 45° for example.
However, if we tilt the optical laser beams more toward

the axis which is counterpropagating to the XFEL, as in
Fig. 3(c), the birefringent signal eout⊥ ein would actually
dominate for crossed optical laser polarizations eL1⊥ eL2
since then eout and ein could be aligned with either eL1 or
eL2, respectively.

Axion propagator. The lowest-order Feynman diagram of
the process under consideration is displayed in Fig. 1. In
terms of the momentum four-vectors kin and kL1, the four-
momentum of the internal axion line reads p

ϕ
¼ kin þ kL1

and thus its contribution to the amplitude becomes

g2ϕ
ðkin þ kL1Þ2 −m2

ϕ

¼ g2ϕ
2ðωinωL − kin · kL1Þ −m2

ϕ

; ð3Þ

where we have assumed that axion can be described by the
standard propagator of a scalar field with mass mϕ.
For the crossed-beam geometry discussed above, we

have kin⊥kL1 and thus the amplitude would be enhanced
strongly near the resonance 2ωinωL ≈m2

ϕ corresponding to
an axion mass of order Oð102 eVÞ. By varying the angles
between the optical lasers and the XFEL, one can scan
different axion masses (see below).
In fact, exactly on resonance 2ωinωL ¼ m2

ϕ, the ampli-
tude would actually diverge in the case of perfect plane
waves. Of course, this implies that higher orders in gϕ
should be taken into account. A simple way of effectively
doing this is to include self-energy terms in the propagator
containing an imaginary part which then corresponds to a
decay rate Γϕ ∼ g2ϕ. For plane waves, this would imply that

FIG. 1. Axion s-channel contribution to light-by-light scatter-
ing. The initial and final x-ray photons with momenta kin and kout
interact with the fields of the two optical lasers kL1, kL2 via the
internal axion propagator (dashed line).
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the amplitude (3) is highly sensitive to the value of Γ.
However, the optical laser is not a perfect plane wave, but a
focused beam—with finite energy-momentum spread,
which regularizes the amplitude (3). This removes depend-
ence on Γ (unless it is larger than the energy-momentum
spread of the optical laser) and thus accommodates both
long- and short-lived axions.

Amplitude. Combining the coupling (1) with the propagator
(3), the s-channel amplitude reads

As ¼ g2ϕ
ðein · ½ðωinkL1 − ωL1kinÞ ×AL1�Þ

2ðωinωL − kin · kL1Þ −m2
ϕ

× ðeout · ½ðωoutkL2 − ωL2koutÞ ×AL2�Þ; ð4Þ

where AL1;2 denote the vector potentials of the optical
lasers. As explained above, the realistic description of a
laser focus which is localized in space requires the average
over a finite momentum spread

R
d3kL, which we imple-

ment with a distribution function ALðkLÞ. This averaging
procedure then also regularizes the resonant singularity of
the axion propagator at 2ðωinωL − kin · kL1Þ ¼ m2

ϕ.
A finite temporal duration of the optical laser pulse

would correspond to a spread in frequencies ωL ¼ jkL1;2j
but we neglect this spread here and focus on a fixed
frequency ωL ¼ jkL1;2j for simplicity.

Experimental parameters. Taking the specifications of the
Helmholtz International Beamline for Extreme Fields
(HIBEF) as an example, we consider the following exper-
imental setup, as illustrated in Fig. 2. The optical lasers are
characterized by their frequency ωL ¼ 1.5 eV, focus inten-
sity E2

L ¼ 4 × 1021 W=cm2, with a 3 μm waist and a
divergence of �15 degrees. We model the optical laser
focus by a superposition of plane waves with the same
frequencyωL and a Gaussian distribution for the transversal
momentum spread. Assuming a repetition rate of 5 Hz [86],
one could carry out an experiment withOð104Þ shots in less
than one hour, such that we set Oð10−4Þ birefringent x-ray
photons per shot as our detection threshold.
We probe the optical laser background using an XFEL

pulse of frequency ωin ¼ 10 keV, comprising NXFEL ¼
1012 photons per shot, with a beam waist of 5 μm and a
80 μrad beam divergence [85,86]. The combined

momentum transfer supplied by pump field, being in the
optical regime, scatters the XFEL photons outside of this
80 μrad cone. Combining this consideration with energy-
momentum conservation which allows a maximum scatter-
ing angle of 300 μrad, we thus search for a signal
between 80 μrad < θ < 300 μrad.
As explained in the Introduction, the idea is that this

scattering angle helps us to separate the axion signal from
the background. This separation could be hampered by
stray photons forming a halo around the central XFEL
beam, which can be avoided by advanced x-ray optics such
as the dark-field scheme [87] which is currently being
tested experimentally at HIBEF. If this geometric back-
ground suppression (shadow factor [87]) is not sufficient,
high-purity x-ray polarimetry [88] provides an additional
discrimination method since the stray photons are expected
to have predominantly the same polarization as the main
XFEL beam.

Axion signal. Now we are in the position to estimate
the signal strength. As motivated above, we focus on the
s-channel amplitude as the dominant contribution.
Although only the case of the first photon being absorbed
and the second one emitted yields a resonant enhancement
and is thus the most important contribution, we also include
the opposite (emission first) case for the sake of com-
pleteness and sum over both cases. Furthermore, we sum
the diagram in Fig. 1 and the reverse sequence (exchanging
the two optical lasers). Averaging the optical photons
over the transverse momentum spread, we obtain the
polarization-conserving (einkeout) as well as birefringent
(ein⊥ eout) differential cross sections as

dσ
dΩ

¼
X
�

jAs
�j2

4ð2πÞ3 ; ð5Þ

where we have used that ωout=ωin ≈ 1. Subscripts � label
summation over both sequences of absorbed and emitted
photons.
Given energy-momentum conservation, the XFEL can

deflect to the left or right, e.g., parallel to the first
(absorbed) optical photon and opposite the second (emit-
ted), for the fully perpendicular case nL1;2⊥nin with
nL1 ¼ −nL2. By tuning the polarizations, i.e. choosing
which of eL1 or eL2 is aligned with eout or ein, we determine
the sequence in which the photons interact and thus which
way the signal photons deflect.
For pure plane waves, one could envision laser polar-

izations to be exactly aligned or orthogonal to the XFEL’s,
completely filtering the deflection in one direction. In our
case however, the transverse momentum spread of the
photons also means a distribution of their polarizations, so
there is always some nonzero alignment with the XFEL
polarization. Maximizing and minimizing the two laserFIG. 2. Sketch of the experimental setup.
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alignments respectively allows us to tune the signal to
prefer one direction by 2 orders of magnitude.
To determine the total number Nsignal of signal photons,

we integrate (5) over the domain of scattering angles
discussed above 80 μrad < θ < 300 μrad. Taking into
account the XFEL photon number NXFEL per shot multi-
plied by the number Nshots ¼ 104 of shots and the size of
the XFEL focus wXFEL ¼ 5 μm, we find

Nsignal ≈ Nshots
NXFEL

w2
XFEL

Z
2π

0

dϕ
Z

3×10−4

8×10−5
dθ sin θ

dσ
dΩ

: ð6Þ

As a function of mϕ, the signal strength Nsignal is peaked at
resonance for a given laser geometry (3). Furthermore, the
on-shell requirement for the XFEL and optical photons,
e.g., jkL1j ¼ jkL2j ¼ ωL in conjunction with energy-
momentum conservation (2) generates a substructure con-
sisting of much narrower peaks within the resonance.
However, since the optical laser pulses will inevitably
display small variations during the 104 shots, this small-
scale substructure averages out—which we model by a
Gaussian convolution.
In Fig. 3 we plot the domain of accessible axion

parameter space as the coupling gϕ and mass mϕ for which
Nsignal ≥ 1 in (6), i.e., one or more birefringent signal
photons per 104 XFEL shots. We display three optical laser
orientations, the fully perpendicular case kin ⊥kL1;2, here
labeled ϑ ¼ π=2, as well as the cases ϑ ¼ 3π=4 and

ϑ ¼ 8π=9, where ϑ denotes the angle between the optical
laser and the XFEL.
As already discussed after Eq. (3), varying this angle

effectively amounts to scanning different ranges of the
axion mass. Indeed, when going from ϑ ¼ π=2 to 8π=9, the
resonance shifts to higher axion masses and becomes more
narrow. As a result, the enhancement of the signal at
resonance increases. For example, the case 8π=9 produces
the strongest signal and is most sensitive to axion masses
around mϕ ¼ 240 eV.
Far away from resonance, i.e., at lighter or heaver axion

masses, QED birefringence becomes important. For the
parameters used here, it can be estimated from the Euler-
Heisenberg-Schwinger effective action [89–91], see
also [85]. Near resonance, combining the axion and
QED Feynman diagram can also generate interference
effects; see Fig. 4.
So far we have considered exclusively the birefringent

signal—one may also choose to include the polarization-
conserving case as part of the desired signal. Applying e.g.
polarizations eL1 ¼ eL2 ¼ nin, further enhancement of the
signal strength is possible, since both lasers could then
couple to the incoming XFEL, with their polarizations
aligned to maximize the interaction. On the other hand, as
discussed after Eq. (2), the choice eL1 ¼ eL2 ¼ ein sup-
presses the axion contribution, providing a diagnostic tool
for filtering the pure QED signal.

Scaling analysis. To see how our results could be adapted to
other laser facilities, let us discuss the scaling of the
sensitivity gϕ with the involved parameters. As can already
be inferred from Eq. (1), this sensitivity gϕ scales inversely
with the field strength of the optical laser, i.e., the square
root of its intensity IL. Regarding the XFEL, Eqs. (6) and
(4) yield the scaling gϕ ∼ ðNshotsNXFEL=w2

XFELÞ−1=4. We see
that the optical laser intensity has a stronger influence than
the XFEL intensity. Combining these scaling laws, we find

FIG. 3. Accessible parameter space based on Nsignal ≥ 1 from
Eq. (6) in terms of axion mass mϕ and coupling gϕ. The optical
laser orientations relative to the XFEL (at ϑ ¼ 0) are ϑ ¼ 8π=9
(blue solid curve), ϑ ¼ 3π=4 (red dashed curve), and ϑ ¼ π=2
(purple dot-dashed curve). The green shaded region in the top left
corner denotes the parameter region probed by PVLAS (bi-
refringence [80]). The limits obtained by NOMAD (light-shin-
ing-through-wall [49]) are given by the black dashed curve.

FIG. 4. Signal strength Nsignal from (6) for ϑ ¼ 8π=9, plotted as
a function of mϕ at fixed coupling gϕ ¼ 10−3 GeV−1. The solid
blue curve represents the axion s-channel contribution alone
while the black dot-dashed curve incorporates the combined
effect of axion s and t channels as well as the QED contribution
(red dashed horizontal line).
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g−1ϕ
GeV

≃ 103
�
Nshots

104
NXFEL

1012

�1
4

�
5 μm
wXFEL

IL
1021 W=cm2

�1
2

: ð7Þ

If we scale all energies by the same factor while keeping IL
fixed, we see that the amplitude (4) and the cross section (5)
do not change, such that we obtain the same scaling (7)
with w−1=2

XFEL from Eq. (6). If we only change the XFEL
frequency ωXFEL, we obtain gϕ ∼ ω−1=2

XFEL far away from
resonance from Eq. (4). For the resonant contribution,
however, we do also have to take the resonance width into
account, which does depend on ωXFEL too. For the total
signal, these two modifications basically cancel each other
such that the sensitivity gϕ only weakly depends on ωXFEL.
As a result, the major differences between the setup
involving x rays considered here and all-optical schemes
are the higher accessible axion mass range and the
improved separability between signal and background.

Conclusions. We have evaluated the axion contribution to
birefringent light-by-light scattering for an XFEL probe
and optical laser pump. Special emphasis is placed on the
resonant axion contribution which allows us to scan
different axion masses by changing the involved parameters
such as the angle ϑ between the XFEL and the optical laser.
Furthermore, the axion resonance facilitates a sensitivity
surpassing that of previous light-by-light scattering and
light-shining-through-wall experiments such as PVLAS,
BMV, and NOMAD. Note that the parameters in Fig. 3,
including the bounds from PVLAS and NOMAD, lie inside
the region tested by BABAR and solar axion searches
such as CAST [33] as well as cosmic microwave back-
ground (CMB) surveys [26]. However, as explained above,
these are more indirect tests which rely on various
assumptions such as sufficiently long lifetimes (e.g.,
105 s for the CMB data [26]). Thus, the scheme presented
here could provide the most stringent laboratory-based
probe of short-lived axion contributions.
Complementary to astrophysical bounds (e.g., [31]),

such laboratory-based probes are also sensitive to axions
which evade these bounds in some way. Examples could be

interaction effects such as running coupling or confine-
ment, see, e.g., [45,46], which invalidate the picture
of long-lived and free-streaming axions. Although we
treated the axion field as a free massive scalar field for
simplicity, our results can be generalized to this case by
inserting the effective axion propagator into our ampli-
tude. If this propagator displays one or more quasiparticle
peaks, we would again obtain axion resonances. The
width of these quasiparticle peaks (related to their life-
time) would then be added to the width generated by the
angular spread of the optical laser. In other words, the
scheme presented here would facilitate actually charting
the axion propagator.
In view of the smallness of the signal, a discussion of its

detectability should also include an estimate of possible
background effects which might induce a false signal.
These background effects are basically the same as already
discussed in [85] devoted to the pure QED birefringence
effect (see [87–109]). As discussed above, the axion signal
displays distinctive dependence on the geometry (e.g.,
polarization directions), which could help to distinguish
it from possible background effects.
In order to advance the sensitivity further, one could use

more intense optical lasers (which will soon become
available at HIBEF or at other facilities) or XFELs or
tighten the XFEL beam waist [86], as well as increase the
number of shots in the experiment.
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