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Proposal to Use Laser-Accelerated Electrons to Probe the Axion-Electron Coupling
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The axion is a hypothetical particle associated with a possible solution to the strong CP problem and is a
leading candidate for dark matter. In this Letter we investigate the emission of axions by accelerated
electrons. We find the emission probability and energy within the WKB approximation for an electron
accelerated by an electromagnetic field. As an application, we estimate the number of axions produced by
electrons accelerated using two counterpropagating high-intensity lasers and discuss how they would be
converted to photons to be detected. We find that, under realistic experimental conditions, competitive
model-independent bounds on the coupling between the axion and the electron could be achieved in such

an experiment.
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Introduction—The standard model of particle physics is
one of the most successful theories of fundamental physics,
whose accuracy has been verified by numerous laboratory
experiments. It has some shortcomings, however. One of
them is that it allows for CP violation in the strong sector.
The neutron electric dipole moment, which is a natural
consequence of this model, has been constrained by experi-
ments to be unexpectedly negligible. The standard model
also fails to accommodate the existence of dark matter.
Peccei and Quinn [1,2] proposed solving the strong CP
problem by introducing an anomalous U(1) symmetry.
Later, Weinberg and Wilczek noted the presence of a
pseudo-Goldstone boson, the axion, due to the spontaneous
breaking of this U(1) symmetry [3,4]. This hypothetical
particle, the axion, is also a possible dark matter candidate
[5-T7].

In many of the viable models, the axion, which is a
massive particle, couples to both the photon and the
electron. So far there is no experimental evidence for an
axion, and numerous experiments and astrophysical
searches have been used to put limits on the axion
parameter space. For example, the CAST experiment [8]
converts axions, if they exist, into photons using a strong
magnetic field. These axions are hypothetically produced in
the Sun by Primakoff scattering. However, the upper bound
on the axion-photon coupling in astrophysical searches can
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be model-dependent. For example, in the case of the Sun,
collective plasma screening can change the rate of axion
production by Primakoff scattering, and hence, the inferred
limits suffer from these systematic uncertainties. For this
reason, purely terrestrial experiments, where the (hypo-
thetical) production and detection of axions are model-
independent, have an important role. One such experiment
is the Optical Search for QED Vacuum Bifringence, Axions
and Photon Regeneration (OSQAR) [9], which uses a light-
shining-through-walls (LSW) approach to produce and
detect axions in the laboratory. Other LSW experiments
have been proposed [10,11] for which the production of
axions is achieved using high-power laser beams. For a
comprehensive review of current axion searches, refer to
Ref. [12] and the references therein. The experiments
mentioned above only test the coupling between an axion
and two photons and therefore can put constraints on the
photon-axion coupling but not on the electron-axion
coupling. In this Letter, we propose a different mechanism
for axion production in the laboratory which makes use of
the electron-axion coupling. Accelerated electrons can emit
axions in a way similar to the Larmor radiation of photons.
This production mechanism allows us to constrain the
electron-axion coupling, ¢,, in a model-independent
manner. Although laboratory-based constraints on g,,
are currently available from nuclear reactor experiments
[13], the method that we propose here has the advantage of
being scalable. Its scalability allows us to lower the upper
bound on g,, with the progress of laser technology, which
is expected to continue in the next decade with numerous
new laser facilities already being proposed [14].
Throughout this Letter, metric signature (4, —, —, —) and
units where ¢ =€y =k =1 are used unless stated

Published by the American Physical Society


https://orcid.org/0000-0001-5011-6747
https://orcid.org/0000-0002-3703-7021
https://orcid.org/0000-0002-9843-7635
https://orcid.org/0000-0002-4153-0628
https://ror.org/052gg0110
https://ror.org/04m01e293
https://ror.org/03gq8fr08
https://ror.org/00n3w3b69
https://crossmark.crossref.org/dialog/?doi=10.1103/vgvg-hcbr&domain=pdf&date_stamp=2025-11-06
https://doi.org/10.1103/vgvg-hcbr
https://doi.org/10.1103/vgvg-hcbr
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

PHYSICAL REVIEW LETTERS 135, 195003 (2025)

otherwise. Initially, Planck’s constant # is not set to 1
because we use a semiclassical expansion in powers of 7.

Axion production—We study the emission of axions by
an electron described by a spinor field yw which is
accelerated through a classical electromagnetic potential
A,. We use the semiclassical solution, i.e., the solution in
the WKB approximation, to the Dirac equation in an
external electromagnetic field. Here, we present the main
results and leave the details of the calculations to
Supplemental Material [15] which includes Refs. [16-21].
We note that photon emission using a semiclassical
approximation is well known and has been studied in
the context of the Baier-Katkov method [22-25].

The free Lagrangian is given by

mg
212

Loce = iRFP Dy~ mipy + 30,00 ~ 5 42, (1)
where ¢ is the axion field and m,, is its mass. The electron
mass is denoted by m and the covariant derivative is
D, = 0,, — ieA,, /h, where —e is the electron charge. The
presence of the potential modifies the Dirac equation as
follows:

iy#(ho, —ieA, )y —my = 0. (2)

We let y = We™S/" and find the scalar function S and
spinor ¥ to the zeroth order in 7. By applying [iy#(#d, —
ieA,) 4+ m] on the left in Eq. (2) we find that S must satisfy

(0“S + eA")(9,S + €A,) —m? = 0. (3)

We assume that A, = 0 on the hypersurface 7 = 7; in the
past. Then, we consider the world lines with a uniform
velocity emanating from this hypersurface toward the
future. We define 7 as the proper time along these world
lines measured from the =1, hypersurface, and we
assume that these world lines do not cross each other.
We let these world lines obey the classical equations of
motion for a charged particle with charge —e,

d*x" e dx

- = ——fpw 4

dr? m dr “)
where F,, =0d,A, —d,A,. Then, the solution to Eq. (3)
exists and is given by

v
dr’

0,8 = mv, —eA,, H (5)
In particular, the vector field mv, — eA, remains hyper-
surface orthogonal as a consequence of Eq. (4). Then,
Eq. (2) at the zeroth order in # is solved, in the repre-
sentation of the y matrices such that y is diagonal [26], by

N 1 T
¥ =po+ m( op > exp (——/ dﬂv”(r’)dr’>, (6)
Potm N 2 0
where p# = mov*. A condition for the first-order correction
to W to exist leads to the Thomas-BMT equation [17,18] for
the two-dimensional spin state s:

ds e
— = —iF - s, F=—|(B

_pr)’ (7)

pPo+m

where E and B are the electric and magnetic field,
respectively. We have verified that Eq. (7) is Lorentz
invariant as expected.

Now, we expand the electron field using a basis con-
sisting of wave-packet solutions as

_ f
W(x) - Z |:u(p,a) (x)b(p,a) + VU(p.a) (x)d(p,a) . (8)

p.a

Here, the modes up 4), V(p.o) are wave packets which have
approximately definite world lines and four-momentum p
of a classical particle and polarization state a, with positive
and negative energy, respectively, and satisfy usual ortho-
gonality conditions (see Supplemental Material). The
wave-packet modes with different (discrete) momenta
are orthogonal to one another. Then, the annihilation and
creation operators satisfy the following anticommutation
relations:

{b <p,a>7b1p,m} = {d<p,a>’dfp,ﬂ>} = G- (9)

The operators with different momenta anticommute.

We approximate the modes u, o) by a superposition of
the WKB solutions that we discussed earlier. Then, they
take approximately the following form:

[po +m Sa
u(p,a)(x) = 2p0 <p:fm sa)G(x), (10)

where s, satisfies Eq. (7) and G(x) is peaked around a
classical world line with the tangent vector v# = p*/m. The
factor ¢*S/" and the exponential factor in Eq. (6) are
absorbed into this function, which is normalized as

/d3x|G(t,x)|2 Y (11)

The function G(x) is smooth, but |G(x)|?> can be approxi-
mated by 6 [x — x(¢)] where [£,x(7)] is the classical world
line of the electron.

The free axion field satisfies the Klein-Gordon equation
(O + m2/h*)¢p = 0 and can be expanded as
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3
&uw3/ﬂ§§7ww%x+%l“L (12)

where ky = \/k* + (m,/h)* and the operators satisfy

[ak, } (27)32hky0%) (k — k). (13)

We approximate the axion field by a massless field, letting
m, = 0, for simplicity. Thus, the results obtained here are
valid as long as the axion mass is much smaller than the
typical axion momentum. As will be shown, we can impose
bounds on the axion parameter space for m, < 10 keV,
although a massless limit was assumed initially. Notice that
the wave number of the axion is regarded as classical so that
its momentum is of order 7 in our WKB approximation.
(This is similar to the case for photons [20].) The
interaction Lagrangian between the axion and the electron
field is [27]

_ Ngae

'Cim = m

0,pwysyy. (14)

To the leading order in g,,, the interaction Hamiltonian is
Hint = —Lin With normal ordering. We assume that the

initial electron state bT «|0) where [0) is the vacuum state,

is such that the final state (after the emission of an axion
with typical momentum k) is approximately alibzp.ﬁ)|0>.

Given the large energy difference between the electron and
the axion, it seems reasonable to take (approximately) the
same initial and final wave-packet states for the electron
wave functions. A similar approach leads to the model of
photon emission from the classical electron starting from
QED (see Ref. [16]). The only possible difference between
the initial and final state is the spin state. Thus, the electron
spin is either flipped or not flipped after emission, but
the spatial wave function remains the same in our
approximation.

To the first order in perturbation theory, the total one-
axion-emission final state is given by

i
1 ==3 [ a0 (15)
and the emission probability is P, = (f|f). Inserting
Egs. (8) and (12) into Eq. (15) and using the operator
relations (9) and (13), we find

3
(B.a) d’k b
PLO = p | | Ak g |2 16

The interaction amplitude is

Gue eik-x(r) +
Apkpa) ——/drﬁsﬂ(r)Q(r) -654(7), (17)

2m k-v

where
Q=V-(k-a)k—[Vo— (k- a)ko]p0+m,
v = %(k- V) PRk, (18)

Here, a* = dv*/dr is the proper acceleration of the
electron. The spin states s, and s; satisfy Eq. (7). We
verify Eq. (16) to the lowest order in eA, by using a
Feynman-diagram calculation in Supplemental Material.

In the next section, we study laser-accelerated electrons,
which follow two-dimensional trajectories. In this case, we
choose an electric field in the x-z plane and a magnetic field
parallel to the y axis. It is convenient to choose the initial
spin polarization along the y direction. Then,

L L
em™— 4 3 3
am? | (27)32ky

¢ hgz, / &’k
Pen = 3
am? ) (2m)32k,

/ dret*x —k. a 2,
(k-v)?

/ dre*FE[Q_+i0 ]

2
. (19)

where df(r)/dt = F,, with F, defined in Eq. (7), and
Q, £i0Q, is found from Eq. (18). The first expression is the
emission probability when the electron does not flip its spin
(¢ = p), whereas the second corresponds to the spin-flip
case. In the second equation in (19), the upper and lower
signs are for the spin states s, and s_, respectively,
where 6,5, = +s,.

It is possible to find a simpler expression for the spin-
averaged axion energy emitted for a three-dimensional
motion using the technique employed in deriving the
Larmor formula in the WKB approximation [16,19,20].
With the definition n* = k* /kq, we find the spin-averaged
axion energy emitted as

1 o / /
~ 16am? (n-v)

a3 gy g
(n-v)* " n-vde * e
(20)
where
Ut = (n-a)n* - E(n -v)F*n,
m
dur e
HV = —F*U,. 21
o T U (1)

Experimental proposal—The proposed setup consists of
an emission region where the axions are produced by
laser-accelerated electrons and a conversion region where
they are regenerated into photons (see Fig. 1).
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Detector

Gas Jet

FIG. 1. Diagram of the experimental proposal. We assume that
there are enough detectors to cover a large solid angle.

Throughout this section, we put 7 = 1 and assume that
the parameters m,, g,., and g,, are independent. For the
results of the previous section to be applicable, m, < k,,
where k,, is the typical axion momentum, which depends on
the laser parameters. We have k, ~ 10%> keV for the laser
parameters that we will consider. Therefore, the bounds on
Gq. Obtained in this section will be valid for m, < 10 keV.
The axions are converted to photons through processes a +
e~ > y+e and a + Ny — y + Ny that involve the cou-
plings g, and g,,, respectively (N; here is an atomic
target) [28,29]. Only the former process is considered as it
allows us to impose upper bounds on g,, in the absence of
photon detection. In what follows, we use the model-
independent bound g,, < 1074 GeV~! [13].

A hydrogen gas jet is used as a source of electrons. These
are accelerated by two counterpropagating lasers of pulse
duration 7, forming a standing laser field as described in
[30]. The beams are linearly polarized along the z direction
and propagating along the x direction. They are described
as plane waves with angular frequency w,. The electric and
magnetic fields are therefore

E, = Eylcos wy(t — x) + cos wy (1 + x)],
B, = —Ey[cos wy(t — x) —coswy(t +x)].  (22)

The classical equation of motion of the electron is

dpy dp
dt - eﬂZB}” d—l‘z = _e(Ez +ﬂxBy)7 (23)

where (., B,.,) is the velocity divided by the speed of
light. Electrons placed at the nodes wygx = 2zn,n € Z do
not feel the effects of the magnetic field and have unstable
oscillatory trajectories, which implies that it is difficult to
realize them experimentally. The trajectories of the off-
node electrons, which constitute the vast majority of the
electrons accelerated by the laser beams, need to be found
by solving Eq. (23) numerically. In principle, it would be
possible to use Eq. (19) with these trajectories and estimate
the number of axions emitted numerically. However, such

computations would be quite challenging. Instead, we
proceed as follows. We first find the energy emitted in
the presence of the magnetic, as well as electric, fields by
Eq. (20). We then estimate the number of emitted axions by
dividing the total energy by the typical axion energy, which
we assume to be much larger than m,. This is justified if the
spectrum is peaked around the typical energy. For an
electron in a constant magnetic field we find that the
spectrum is peaked and the typical energy of individual
axions is around 4a(3)a)0 (see Supplemental Material), where
ay = eEy/maw, is the laser strength parameter. Although
for laser beams the magnetic field is not constant, we
assume the axion spectra to be similar. We note that, since
for relativistic electrons the axions are predominantly
emitted along the trajectory, the axion emission is con-
centrated in the x-z plane.

We find that the WKB treatment of the previous section
is valid if ajwy/m < 1 or (ag/700)? < 1 for wy~ 1 eV
(see Supplemental Material).

The energy emitted by an electron in one cycle of
duration 2z/w, can be written using Eq. (20) as
(E)2a) = gaewymN (ay), where N(ay) is a number
found numerically. The total number of electron “oscil-
lations” is given by p,Vvz,n /2, where p, is the electron
density, n, is the number of shots, V is the volume occupied
by one beam, and v = @, /2 is the frequency. We note that
V = Az, where A is the beam cross section. Then, the total
number of axions produced is

gzepe pra’?)"sN(ao)
16zaim? ’

Nt = (24)

which was obtained by dividing the total energy by the
typical axion energy k, = 4(18(00.

As shown in Fig. 1 (and as in many LSW experiments),
axions produced by accelerated electrons pass through a
wall which prevents background photons, e.g., those pro-
duced by Larmor radiation, from entering the detector. We
note that the effect of Larmor radiation on the trajectories
can be neglected if (ay/250)> < 1. The reconversion
occurs because the axions then interact with the electrons
in the material that surrounds the wall. The Compton-like
process a + e~ — y + e~ has a total cross section [31]

. Zagi, [k, 1 2(1+3x)
o = 4m2 f(m>, f(x)—;ln(1+2x)—4(1+2x)2,
(25)

in the limit m, — 0, where a and Z are the fine structure
constant and the atomic number, respectively. As before,
we let k, =4alw,. The photon energy is ~k, for
m > k, > m,. The total number of produced photons is

N, = 6°p,,ArNY", (26)
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where p,, is the atom density of the material used for the
reconversion and Ar is its length. The latter is at most on the
order of the photon attenuation length. Not all produced
photons will enter the detector as the ones emitted backward
will be absorbed by the wall. However, this effect will only
resultin a O(1) correction factor in Eq. (26). Substitution of
Eq. (24) into Eq. (26) gives

Za294 4(’18600 pmpeTpAerElas
Ny = 8a(5)ae _/\/(ao)f< " ng P s (27)

where Ey,, = At,m*wjaj/(8na) is the energy of the
laser pulse.

Let us estimate the bound on g,, achievable for a laser
with Ej,, =1 kJ, wavelength A~ 1 pm, 7, =10""5s,
beam diameter ~104, and a repetition rate of 10 Hz.
Such a laser is not currently available, but it is within
the current technological capabilities. For this choice
ap ~ 30, and E, ~ k, ~ 133 keV. We find numerically that
N (30) =~ 10'3. We also assume that the source of electrons
is a hydrogen gas for which p, = 10?° cm™. For the given
density and intensities, plasma effects can be neglected. For
reconversion, we use aluminum. The attenuation length for
these photon energies is Ar~ 1 cm. If N, <1 after one
week of measurement, we find that g,, < 4.1 x 107>, This
result is valid for m, < k,(~10% keV). Next-generation
lasers could reach Ep, =10?kJ, 7, =10"'"s with a
repetition rate of 1 MHz. Given the rapid development
of diode laser technology, it is not inconceivable that such a
laser would become available in the future. Assuming that
the remaining parameters stay the same, if N, <1 after
one year of measurement, we find g,, < 8.5 x 1078, The
axions can also decay to photons with a decay rate
I'(a — yy) = ga,mj/64x. The survival probability of the
axion reaching the reconversion chamber at distance £ is
Py, = exp[—¢m,I"/k,] [13]. However, for £ ~ 1 m, m, <
10 keV and g,, S 107 GeV™' [13], Py, ~ 1.

Axion searches have been conducted in the range of
masses m, < 10 keV. The experiments XENONIT [32]
and XENONNT [33] were used to impose stringent bounds
on g,, for solar axions. Constraints on g,, for laboratory-
produced axions were found using anomalous magnetic
moment and electric dipole moment [34] or nuclear
reactors for neutrino experiments [13]. These bounds are
shown in Fig. 2. In the same figure, we also report the
projected bounds from the proposed laser experiment.
Using current laser technology and just a week of data
gathering, we expect to reach exclusion bounds comparable
to other laboratory searches. On the other hand, with a
future laser system we could expect to achieve bounds up to
the prediction of DFSZ axions [35-37]. The DFSZ axion
model followed that of Weinberg and Wilczek, as well as

T T T T T TTTTI] T T TTTI T T TTTT] T T 11T T T 11T

1072 | 8

. 10—5 |

:

1O [ —

---- Current lasers
---- Future lasers
— Electron g-2

10~9 |— Reactor -

111 sl ol il

107t 10° 10! 102 10° 10* 10°
mg (eV)

Lol

FIG. 2. Bounds of laboratory-based experiments. The red and
black curves correspond to the bounds found in [13] and [34],
respectively. The orange band is the DFSZ prediction [35-37].
For the next-generation laser, we assumed one year of measure-
ment instead of one week.

KSVZ [38,39], and predicts a coupling of the axion to
electrons and light quarks, with the coupling constant being
proportional to the axion mass.

Conclusion—In this Letter, we used the WKB approxi-
mation to calculate the number of axions and the energy
emitted from an electron accelerated in an electromagnetic
field. We then applied the WKB approximation to the case of
a two-dimensional electron trajectory, where the electron
was accelerated by laser beams. Applying the results to an
experimental proposal allowed us to find bounds on the
coupling g,.. The bounds found are valid for axion masses
m, < 10 keV. Since the results derived in the first section
are general, they can be used for other experimental
proposals (e.g., replacing the linearly beams by circularly
polarized ones). We compared the bounds obtained here
with those obtained in other laboratory experiments (e.g.,
axion production achieved using a nuclear reactor) and
found that they are comparable. Whereas it is unlikely that
the performance of nuclear reactors will be largely improved
in the near future, lasers are subject to important perfor-
mance enhancements and therefore could allow further
exploration of the parameter space of the QCD axion.
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Appendix: Comparison between on- and off-node
electrons—We show here the effect of the magnetic
field on axion production. On-node electrons have an s |
oscillatory trajectory with oo
NE
vP. = —2aq sin wyt, y =/ 1 +4alsinwyt. (A1) — 10t |
S
The energy emitted in one cycle is given by | ae-==mTTT]
P w0 |
E =220 (Taf + a?). A2 L L L L
(E)ag =g,z (Td0 + ) (42) 10 20 30 40 50
ao
The typical axion energy for on-node electrons is
4“%0)0, and the spectrum is peaked around this value. FIG. 3. Number of axions produced in one cycle (estimated by

The particle numbers emitted in one cycle by on- and
off-node electrons are shown in Fig. 3. The number of
emitted axions is much larger for the off-node case,
which shows the importance of the magnetic field on
particle production.

dividing the total energy by the typical axion energy) by one on-
node electron (blue dashed line) and by one off-node electron (red
solid line) with initial condition wyx(0) = z/3. The number was
averaged over ten cycles.
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