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Electron-seeded ALP production and ALP decay in an oscillating electromagnetic field
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Abstract

Certain models involving ALPs (axion-like-particles) allow for the coupling of scalars and pseudoscalars to fermions. A derivation

production for a typical laser-particle experimental scenario.

of the total rate for production of massive scalars and pseudoscalars by an electron in a monochromatic, circularly-polarised elec-
tromagnetic background is presented. In addition, a derivation and the total rate for the decay of massive scalars and pseudoscalars
into electron-positron pairs in the same electromagnetic background is given. We conclude by approximating the total yield of ALP

1. Introduction

21 Feb 2018

The spontaneous breaking of global symmetries in beyond-
the-standard-model theories can give rise to scalar or pseu-
- doscalar particles which are commonly referred to as ALPs
o (axion-like-particles). The original axion is a pseudoscalar that
(¢ _arises when the Peccei-Quinn [|I|] symmetry is broken at a very
@ high energy scale to give rise to CP violation in QCD, thereby
5 posing a potential solution to the so-called strong-CP problem.

Whereas axions that solve the strong-CP problem are bound to
< this very high energy scale, ALPs are independent and there-
= fore less constrained. The ALP can be hadronic, such as in the
original KSVZ axion [ﬁ, B], which predicts a new heavy quark
and a scalar meson. However, they may also be non-hadronic,
such as the DFSZ axion [EI,] which can couple at the tree level
to leptons. Various experimental searches have been and are
| being conducted to detect ALPs and place increasingly strin-
gent bounds on ALP models. Examples include helioscopes
0O such as CAST [Ia] that use magnetic fields to regenerate axions
— | emitted from the sun, LSW (light-shining-through-the-wall) ex-
= periments such as the ALPS experiment [ﬁ] that use an optical
= cavity to create ALPs and a regeneration region using inhomo-
>< geneous magnetic fields, as well as beam dump KEK [|§], Or-
say [@], E774 [IE] and fixed-target experiments APEX [Iﬂ] and
NA62 ] (some reviews of axion searches can be found in
(13,14, [15. 16)).

The diphoton-ALP coupling in several ALP models suggests
that one may also consider employing sources of large num-
bers of photons, such as intense laser pulses, for the generation
part of a LSW experiment [ﬂ, , , ]. Alternatively, some
models couple ALPs directly to electrons ] which allows for
direct production of ALP in collisions of electron beams with
intense laser pulses. It is this mechanism that we consider in
the current letter.

The QED counterpart of ALP production by an electron in
an external EM (electromagnetic) field is Compton scattering.
When the EM background is sufficiently intense that the
coupling between charge and gauge field can no longer be
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considered perturbative and arbitrary numbers of interactions
must be taken into account, the process corresponds to NLC
(Nonlinear Compton Scattering). First studied over sixty
years ago [Iﬂ, d Iﬂ, , Iﬁ], the prediction of an increased
effective electron mass due to the charge-field coupling, was
recently confirmed in experiment [@, , ]. The QED
counterpart of ALP decay to an electron-positron pair in an
EM background is photon-seeded pair-creation \ @, ]
(photoproduction of a scalar pair in a circularly-polarised
monochromatic background has also been considered [Iﬁ]).
The combination of ALP creation and subsequent decay is
analogous to the trident process in QED. Although being
measured twenty years ago in the landmark E144 experiment
at SLAC [IE], the trident process in a strong EM background
presents numerous theoretical challenges and has recently been
the subject of increased interest [@, , @, @, @]. Using
massive scalars rather than virtual photons offers a simpler
system to understand the main issues such as the relative
importance of one-step and two-step processes. Reviews of
strong-field QED can be found in [d@, |Il|, @].

In the current letter, four processes are considered in a
monochromatic electromagnetic background: i) massive scalar
production by an electron; ii) the decay of a massive scalar to
an electron-positron pair and iii) and iv) the same two processes
for a pseudoscalar. We present only an outline of the derivation,
highlighting steps important to the massive scalar case, as the
derivation of equivalent QED processes already exist in the lit-
erature ]. Following derivation of the scalar cases, we state
the pseudoscalar result.

2. ALP production by an electron

The scattering matrix element for the massive scalar produc-
tion depicted by the Feynman diagram in Fig. [I(a) is:

Sﬁ = igge fd4x ¢k'pqu' (1)
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(b) ALP decay to
an electron-positron
pair in an EM back-
ground.

(a) Electron-
seeded ALP
production in an
EM background.

Figure 1: Feynman diagrams for the processes studied. Double lines imply
external-field wavefunctions.

The coupling of the fermions to the EM background to all or-
ders is incorporated using the Furry picture, in which the S-
matrix is expanded as a perturbation around solutions to the
Dirac equation in a given EM background (so-called “dressed
states”). The Volkov wavefunction:

_ Fed Up —ip-x—iU, (@)
vp = [1 + —2%.1)} 721)0‘/@ P ¢
@ (. 2
UP(‘P) = f (m _ M)d(ﬁ )
%-p 2x-p

describes an electron of charge e, momentum p satisfying the
on-shell condition p* = m?, with free-electron spinor u,,, prop-
agating in a plane wave background with scaled gauge potential
a(p) = eA(p) and phase ¢ = s - x, with wavevector s« such that
2 -a = -3 = (0. We choose the background to be circularly-
polarised and monochromatic:

a(p) = mé (e cosgp + & sing), 3)

fore-e = &8-8& = —-1and - & = 0, and ¢ is the clas-
sical nonlinearity parameter [44] quantifying the strength of
the EM background field. We choose the lab frame in which
»x = 3(1,0,0,1), & = (0,1,0,0) and & = (0,0, 1,0). The mas-
sive scalar is described by the plane-wave state:

1 ik-x
A @
2

with momentum k satisfying the on-shell condition k> = m 4
The form of the scattering matrix element is then:
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It is advisable to deal with the integral after mod-squaring and
taking the trace to simplify evaluation of the x~ = ¢/ integral

(x~ = x% — x? is the lightfront co-ordinate comoving with the
background field). One then arrives at
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if the Jacobi-Anger expansion [45] is used:

e izsin(e—go)  _ Z J(z) e 50, (7
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where J4(z) is the Bessel function of the first kind and in the
current calculation, we have:

(o) . Q,
Z2=a§+af; cos@y = —; singy = —
e Z

and T, ¢ is the result of the trace, which we give later in a more
simplified form. Performing the spatial integrals in x and x,
one has to deal with the combination:

Y (p—q-k—(B-53)6Y(p-qg-k-(B-5)x).

This can be simplified into:

vV.r
M p-qg-k-(B- —d(s—5),
(r-q (B = 5)x) o p (s=+)
by considering the combination
M ((s = 8')%) vV dt V dtdr

Ss—s) |, @0ide Q@npdrdy

(where 7 is the proper time), and using the result that for an
electron in a plane wave EM background, s - p = mde/dt
is a constant [44]. Defining the probability for massive scalar
production by an electron as P*~?, through:

&Pk dq 1
2> sl (8)
spin
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one has the intermediate step:
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Here we notice the clear appearance of global momentum con-
servation:
p+sx=q+k,

where we define the electron quasimomentum,
p=p—(a*/p-»)x, and the relation to the effective mass
m, via p* = m?, giving m> = m*(1 + £?*) for a circularly-
polarised background [46, 47]. Moreover the integer s is
suggestive as the number of photons of frequency s absorbed
from the EM background. Let us now deal with the final
delta-function by recognising:

;6(s—s’)=f[2i—izs:,



and since the phase integral is divergent, let us define the rate
per phase R“™¢ = P™¢/ f dy. In addition, let us write this rate
as a sum over the rate for each harmonic s:

(o]

e—¢

R = Y R,
S= S‘g

where sg is some threshold integer number of photons (which

we will later define in terms of the integration variable), above
which a scalar with mass Vk2 can be produced by the electron.
If the g integral is performed in Eq. (@), we have:
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Suppose the k integral is written as d*k = dk*dk=d|k*|*dy /4,
where k* = k° + k3 are lightfront co-ordinates and y is the polar
angle in the k* = (k',k?) plane. Then by using the remaining
delta-functions to integrate in |k*+[*> and k*, it can be shown the
integrand is independent of the angle . We then have:

2
R64,¢ — g¢e d(% * k)
3 167 J (s p)?

00 - k)0(sc- p— 3¢- k) Ty .
(11)

In order to make a comparison with literature results on the
QED process of NLC, we rewrite this integration as:

g2€ N d
16;17,, f a +Mu)2 {(4-0)2EH

s

RS

+

m4&+ﬁ@bﬁﬂﬁw
(12)

2(1 + u)

where we define the energy parameter 77, = s - p/m?, and the
ALP mass parameter 6 = mgy/m, and where:

)2 " (1_ u)_62§2(1+u)

Us Us m

(&%[2g NG
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and u = mi/ng with n, = n, — ne and u; = 2sy, with 7, =
» - p/m?. Since z> > 0 and z € R, a condition is placed upon
the range of integration of the variable # > 0, namely that the
integration bounds u; are given by:

/ 4(1 + £2)62
1+ 1- (2%7—52)2} (14)

where we choose the range of parameters in which u} > u; > 0.
We note that in the zero-mass limit, 6 — 0, u{ — u, and
u; — 0 and ¥ tends to the standard argument for NLC of a

. 2sn, - &2
21+ &%)

massless photon in a circularly-polarised monochromatic back-
ground [43]. In the zero-mass limit, the form of the integrand
is slightly different to the standard NLC case. First, the coeffi-
cient of the first J2 term has a different sign and the factor 2 co-
efficient before the bracket of three squared Bessel functions is
missing. Both of these originate from the different trace of a the
electron-scalar interaction compared with the electron-photon
interaction in QED. Second, the coefficient of the entire inte-
gral is a factor 1/4 smaller than the analogous QED result [48].
This is the well-known factor that originates from the missing
polarisation sum in a scalar analogue of a photon interaction.
(Recent calculations of NLC in a monochromatic background
in scalar QED demonstrate the same 1/4 pre-factor [49,50].)

Just as in NLC, there exists an interval in u for each har-
monic, the so-called “harmonic range”. The difference here is
that when the scalar mass is increased, this harmonic range is
reduced on both sides, as displayed in Fig. Bla). The heavi-
est scalar that can be produced at a given harmonic has a mass
parameter:

5= 2(1 sy + € - \/(1 +E)(1+ 251, + 52)), (15)

indicated by the horizontal dashed lines in Fig. 2l a) (this can be
derived by finding the value of § such that u] = u). Further-
more, in Fig. 2[a) it is shown how this suppression of the range
affects larger values of & more than smaller ones (this trend is
continued for higher harmonics).

Another effect of a non-zero scalar mass is the appearance
of a threshold number of photons that must be taken from the
background field before the scalar can be scattered. By squaring
the centre-of-mass energy, we find that:

2
2 1 _ kL
m q Tk n
2s;7,,=52@+—;ﬂ+—( ) . (16)
M m= 1y x-qx-k
Therefore the threshold number of photons required to create a
scalar with mass § is sg where

5 (68
sgzb(§+ ‘/1+§2ﬂ (17)

([-1 denotes the ceiling function), which reduces to sg =0

in the massless scalar limit, analogous to NLC of massless
photons in QED. The effect on the harmonic rate of having a
threshold number of photons for the scattering of a massive
scalar is evident in Fig. 2Ib). It is also apparent that even for
many harmonics above the threshold, the scalar production rate
is still suppressed compared to the zero-mass case. Also from
Fig. 2Ib), it is clear that the higher the scalar mass, the larger
the suppression for the above-threshold harmonics.

The scattering matrix element for massive pseudoscalar pro-
duction can be written [21]:

Sy =g [ dxedyysi. (18)

where we denote a pseudoscalar by ¢. The derivation of the
total rate follows identical lines. If we define the total pseu-
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(a) How the harmonic range for
the fundamental harmonic (s =
1) shrinks as the scalar mass in-
creases.

(b) Suppression of lower har-
monics in a plot of R¢”? against
harmonic order s for & = 10,
when the scalar mass (indicated
by curve labels) is increased.

Figure 2: The effect of the scalar mass on scalar production by an electron for
np = 0.0025 (gge = 1).

RS, then we find:
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where the difference to the massive scalar case Eq. ([I2) is
entirely due to the different sign of the mass term in the trace.
As the kinematics are the the same, so is the Bessel argument
27, already given through Eq. (I3).

2.1. Weak-field limit of ALP production by an electron

If ¢ < 1, the background plane wave is termed “weak” and
the coupling to electron and positron states is perturbative. For
the analogous QED process of NLC, the fundamental harmonic
(s = 1) of the weak-field limit of a monochromatic background
is identical to the Klein-Nishina formula [43]. Since zf o &, we
can arrive at the weak-field limit using the replacements:

P+ @) -2%) =~ 1+0E;
~ (Z.s)z 4
P o~ T roEh. o)

This then leads to:
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An expansion of the result to leading order in 6> gives:
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The pseudoscalar result is then:
2 22
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(In a recent calculation of linear Compton production of a
massive scalar and pseudoscalar in an external plane-wave field
[51]], the long-pulse limit was found to agree with Eqs. (22) and
([23) when the background was circularly-polarised.)

3. ALP decay to electron-positron pair

The scattering matrix element for the decay of a massive
scalar to an electron-positron pair depicted by the Feynman di-
agram in Fig. [[(b) is:

Sy =g [ dxoudyu. 24)
where the outgoing positron Volkov wavefunction is
¥ Vg iq'x—iU_y ()
v = [1— | g i), (25)
1 2x-q' | \2g°V

for free-positron spinor v,,. The derivation follows very much
the structure of the previous section. Let us define the total rate
for a single massive scalar to decay to an electron-positron-pair

as:
Rq}—»e — Z R¢4>e
s -
s=54
Just as for Eq. (I6), but for the pair-creation kinematics, squar-
ing the centre-of-mass energy leads to a threshold number of
photons:

e |1 4m§ 5
o[l

In other words, the heavier the scalar, the lower the threshold
for pair-creation. We then find:

Rf—m

8se .
]67T7’]kf VW{(_4+62)J3(Z3)

¥ |12, + T, - 2@}
(27)



where, to make contact with the QED result [43], we have used
the integration variable v = 77% /4nyny, and

2+
vEm, Vi
@2 =s(E] (221 o8)
where:
e O o smm?
s K} 4(1+é‘;2)’ s 2 m%

(We note that the relation between v and the lightfront momen-
tum p’~ (which occurs naturally when integrating over outgo-
ing particle momenta of the mod-squared scattering matrix el-
ement), is nonlinear and splits the original integral into two
identical branches.) How the kinematic range and probabil-
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(a) Plot of differential rate of
stimulated pair-creation for the
harmonic one higher than the
threshold s? for & = 0.1, i = 1
and ¢ evenly spaced between O
and 2 (g4 = 1).

(b) How the behaviour of the
total pair-creation rate changes
when ¢ is increased from ¢ < 1
to&>1 (@ =1).

Figure 3: The dependency of pair-creation on scalar mass.

ity change for pair-creation when the scalar mass parameter ¢
is increased from O to 2 in equal increments, is shown in Fig.
Bla). The lowest curve is for § = 0 and corresponds to a thresh-
olds? =3 photons. For § = 0.2, the threshold then drops to
sf = 2 photons, and as ¢ is further increased, the kinematic
range opens up and the curves become wider, whilst staying at
approximately the same amplitude. When 6 reaches 1.6, the
threshold drops to 1 photon. When ¢ = 2, the process of scalar
decay can occur without the background field and as ¢ is raised
above this, the process moves from being field-induced to field-
free or from stimulated to spontaneous decay.

The value of ¢ = 1 is particularly important in pair-creation.
As can be seen from Eq. (27), for £ < 1, the main contribution
is given by the first term in the braces, whereas for & > 1,
one expects the second combination of Bessel functions to
dominate. As £ is increased from 0.2 to 1, the dependence of
the total rate on the scalar mass is similar, and the total rate
increases with £&. However, for & > 1, the dependence of the
total rate on ¢ becomes more sensitive and for § < 2 the rate is
suppressed much more than for the ¢ < 1 cases, as shown in

Fig. Bib).

For the case of pseudoscalar decay to an electron-positron
pair in a monochromatic background, the scattering matrix ele-

ment is given by:

Sy = igye f d*x buly st (29)

As for ALP production, in the case of ALP decay, it is only
the mass term that changes sign between the scalar and pseu-

doscalar cases. Therefore, we skip straight to the result for the

total pseudoscalar rate R*~¢ = 3, R{™ where:

gie fvr dv
16mne Ji vy =1)

+208% 12,129 + 12,2 - 229 |}
(30)
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R
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For light pseudoscalars with § < 1, we see from Eq. (30) a
large suppression in the rate. Therefore light pseudoscalars are
much more stable than light scalars when propagating through
weak EM backgrounds.

3.1. Weak-field limit of ALP decay to electron-positron pair

Using the same expansion as Eq. @0) when & <« 1, we
find the weak-field limit of the ALP decay in a monochromatic
background to be given by:

850 &
e RS

8 772
+ [217,3 + 822t — 1)] sinh™! vz, (31)

where we have defined the shorthand: 8% = 62 — 4 and the
Mandelstam-like variable ¢, = —1 + (k + s3¢)? /4m?, equal to the
relative difference of the centre-of-mass energy squared to the
pair rest energy squared.

¢ ~
Rs—m ~

4. Discussion

Although the diagram for ALP production by an electron
in an EM plane wave is very similar to nonlinear Compton
scattering, when a massive scalar is emitted, the kinematics are
more akin to pair-creation in an EM plane wave. In particular,
there appears a threshold number of external-field photons that
depends on the scalar’s mass, the frequency of the background
and the energy of the electron.

Pair creation in a plane wave EM background by a massive
scalar differs from pair-creation from a photon, in that the mass
of the scalar lowers the threshold number of photons required
for the process to proceed. As the scalar mass is increased,
the process changes from being a stimulated to a spontaneous
process.

We do not perform here an analysis of the ALP production
and regeneration rates expected in experiment, however we give
some orders of magnitude for the production mechanism. The
dependency of the total rate for massless scalar production by
an electron is shown in Fig. M for g4 = 1, andn, = 6 - 1076



(equivalent to an electron at rest in a monochromatic back-
ground of frequency »° = 1.55 eV — the frequency of a 800 nm
laser beam). It can be seen in Fig. [d(a) that as 7, — oo, the
pseudoscalar and scalar rates tend to the same values. A simi-
lar behaviour was found in the monochromatic limit of a direct
calculation of these processes in a background pulse [S1].
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-6 s 0.1 -~ £/16
7/
-8 7 0.01
-10 S S/
o 0001~
12 Y,
_141/” 0.0001
-4 -2 0 2 0.1 1. 10
log10/p ¢

(a) A log-log plot of how the
pseudoscalar rate (dashed lines)
and scalar rates (solid lines) de-
pend on 1, for & = 2 (upper pair
of coalescing lines) and ¢ = 0.1
(lower pair of coalescing lines).

(b) The dependency of pair-
creation on scalar mass and the
fit R9~¢ = 0.025¢ (dashed) for
gpe = 1l,andn, =6-107% m, =
ImeV (making § = 2 - 107°).

Figure 4: Dependency of total scalar rate on & and 7,,.

To estimate the total number of scalars produced, we intro-
duce forzn, = 6- 1070, the weak-field fit: R%™¢ ~ 0.02552, the
accuracy of which is plotted in Fig. d{(b). (This scaling with £ is
clear from the weak-field result in Eq. (22).) Although we have
picked a specific value of 17,, we see from Fig. d(a), that for all
n, < 1072, the rate of scalar production is not very sensitive to
the value of 1,,. Therefore, for £ < 1, we can estimate the yield
per collision as Ny = 0.025Ne§2g§e® or:

N, 1 1.55eV T
N, ~4x10°g2 ( ) ( )
¢ % Ege 108 /11019 Wem™2 20 100 fs

where ® = »"7 is the laser pulse phase length and 7 is the pulse
duration, and where N, is the number of electron seeds. If one
takes a lab-based limit on g4, from underground detectors of
the order ~ O(107'") [16] (astrophysical bounds are of the or-
der of ~ O(107'?) for axions in the meV range [52]), and an
optical long pulse duration of ® ~ O(10%) or X-ray long pulse
duration of ® ~ O(10%), then to achieve Ny > 1, it is benefi-
cial to use a large number of electron seeds. Laser-wakefield-
accelerated electron beams containing of the order of 10°—10'°
electrons have been demonstrated in the lab [53,154]. Moreover,
as we see from Fig. [ the initial momentum of the electrons
is not crucial. The limiting factor is more the volume of the
laser pulse for which ¢ is sufficiently high, as well as the laser’s
repetition rate. The BELLA laser facility supplies 1 PW at a
repetition rate of 1 Hz and has demonstrated a peak laser inten-
sity of over 10" Wem™ [55]. With the development of mod-
ern high-intensity laser systems, these values are set to become
even more favourable.

Therefore, the experimental set-up of colliding a high rep-
rate intense laser pulse with an electron gas may not immedi-

ately provide as stringent limits as astrophysical bounds, how-
ever, by varying the electron-beam parameters, a large range of
scalar masses can be probed. Moreover, such an experiment
would be unique, in that it would provide the first fully lab-
based, model-independent probe of gg.
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