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We reexamine the inverse Primakoff scattering of axions, whose scattering cross section depends on the
distribution of electrons in target atoms. We evaluate it using a form factor computed with a relativistic
Hartree-Fock wave function and compare it with the previous results obtained with those based on the
screened Coulomb potential for the electrostatic field in the atom. We take xenon as an example for
the target atom and show that the scattering cross section was overestimated by more than an order
of magnitude for axions with < O(10) keV energies, like solar axions. It is also found that inelastic
scattering processes, in which the final state contains an excited or ionized atom, can be comparable or
even be dominant when the size of momentum transfer is < 1 keV. For more energetic axions, on the
other hand, the total scattering cross section is found to be well approximated by a simple expression
and has little dependence on the atomic structure. As an application of this result, we consider supernova
axions, whose energy is 10-100 MeV, and show that O(1) inverse Primakoff events are expected for
axions from a nearby supernova in the future neutrino experiments, which may warrant a more detailed
study on the search strategy of this process.
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1. Introduction

A pseudo Nambu-Goldstone boson that has a coupling with the
electromagnetic field is often predicted in physics beyond the Stan-
dard Model. The most famous candidate for such a particle is the
axion [1,2], which is associated with the spontaneous breaking of
the Peccei-Quinn symmetry [3,4] and couples to photons via the
anomaly of this global symmetry. A great deal of experimental ef-
fort has been devoted to the search of such particles using their
couplings with photons, having imposed stringent limits on the in-
teraction strength. See Refs. [5-9] for recent reviews on this class
of particles, which we collectively call axion-like particles in what
follows, as well as the latest status of their search results.

Many experiments probe axion-like particles through the so-
called inverse Primakoff scattering process with an atom, in which
the incoming axion-like particle is converted into a photon through
the electromagnetic field generated by the atom. For example, ax-
ions produced in the Sun were searched for via this process with
the help of the enhancement by the Bragg scattering [10-15]. Re-

* Corresponding author.
E-mail addresses: abetomo@hep-th.phys.s.u-tokyo.ac.jp (T. Abe),
hama@hep-th.phys.s.u-tokyo.ac.jp (K. Hamaguchi),
natsumi@hep-th.phys.s.u-tokyo.ac.jp (N. Nagata).

https://doi.org/10.1016/j.physletb.2021.136174

cently, this process has received renewed attention since it was
pointed out in Refs. [16,17] that the inverse Primakoff process
might play an important role in the explanation of the exces-
sive events observed in the XENONI1T experiment [18]. It is en-
visioned that this potential explanation will be tested in the near
future [19].

In this paper, we revisit the calculation of the cross section of
this inverse Primakoff scattering process, with particular attention
to its dependence on atomic form factors. This dependence is most
significant for axion-like particles with energies < O(1) keV, like
solar axions, whose wavelength is similar to or larger than the
atomic size. In this case, the resultant scattering cross section de-
pends highly on the extent of screening of the internal electric
field, which is determined by the distribution of electrons inside
the target atom and taken into account in terms of an atomic form
factor. In one of the earliest studies on this process, a simple Gaus-
sian form of the atomic electron distribution was assumed, with a
scale parameter fixed to be 1 A and 1.75 A for Ge and Pb, respec-
tively [20]. In a later work [21], on the other hand, the authors uti-
lized a screened Coulomb potential for the electrostatic field in the
target atom, which has the form of the Yukawa potential with the
screening length ro. This approach—and/or the resultant formula
based on this approach—has been widely adopted in subsequent
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studies [10-17,22,23]." There are, however, several shortcomings
in these methods. First and foremost, the distribution of electrons
in an actual atom is more complicated than those assumed in
these methods, and this difference may affect the resultant scat-
tering cross section. In addition, the aforementioned approaches
introduce a parameter with the dimension of length that needs
to be fixed for each target atom, such as the scale parameter in
Ref. [20] and the screening length ry in Ref. [21]; the determina-
tion of these parameters may cause uncertainty. For example, in
Ref. [17], the screening length for Xe was set to be equal to the
Wigner-Seitz radius in liquid xenon, ro = 2.45 A, while in Ref. [16],
it was determined through a fit of the assumed form of the form
factor onto that obtained with the Hartree-Fock method, resulting
in 19 = 0.49 A2 This ambiguity in the parameter determination
could potentially give rise to uncertainty in the calculation.

To address these issues, in our calculation, we directly use
a more realistic form factor that is computed with a relativistic
Hartree-Fock wave function, without assuming a particular simple
form for it. Taking xenon as an example for the target atom—
motivated by the high sensitivities of the XENON experiments to
solar axions—we show in Sec. 2 that the cross section obtained
with this form factor is actually smaller than the previous re-
sults by more than an order of magnitude. It is also found that
the scattering cross section depends strongly on the choice of the
screening length; an O(1) change in rg results in about an order of
magnitude change in the scattering cross section. This strong de-
pendence on the screening length, or on the “atomic size”, is not
specific to xenon but is a generic feature of the inverse Primakoff
scattering with an atom, as we discuss below. It is, therefore, im-
portant to use a precise form factor for each target atom to cal-
culate the cross section accurately. For convenience, in Appendix,
we list approximated analytical functions for the form factors of
several atoms that are used in experiments.

Moreover, in Sec. 3, we discuss inelastic scattering processes, in
which the final state contains an excited or ionized atom; these
processes are not considered in the previous studies. As it turns
out, the cross sections of these processes are, in fact, comparable
to the elastic one, or even be dominant especially for low-energy
scatterings. The rate of the inelastic scattering contributing to the
signal events depends on the actual experimental setup, and thus
needs to be evaluated for each experiment. We encourage experi-
mentalists to take account of the inelastic scattering processes as
well in future experiments.

The atomic form factor used in our analysis is computed for
the size of momentum transfer < 100 keV. One may, thus, wonder
how to compute the inverse Primakoff scattering rate for more en-
ergetic axions. To address this question, in Sec. 4, we extend our
consideration to the scattering of axions with energies much larger
than O(1) keV. As we see, in this case, the total elastic scatter-
ing cross section is well approximated by a simple expression and
has little dependence on the atomic size. Furthermore, the inelas-
tic scattering cross section turns out to be always subdominant.
We can therefore evaluate the inverse Primakoff rate without suf-
fering from uncertainty coming from the atomic structure in this
case. As an application of this result, we consider the scattering of
supernova axions, whose typical energy is 10-100 MeV, and show
that O(1) inverse Primakoff events are expected for axions from
a nearby supernova in the future neutrino experiments, such as
Hyper-Kamiokande [28]. This estimation encourages a more dedi-
cated study on this search strategy for supernova axions.

1 An exception was the calculation performed in Ref. [24], in which the charge
density distribution for TeO, crystal was directly computed based on the density
functional theory [25,26].

2 A revised version of Ref. [16], Ref. [27], used a new fitting with an extra param-
eter. See note added.
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2. Axion inverse Primakoff scattering
2.1. Formalism for elastic scattering

We consider an axion-like particle a which has a coupling to
photons of the form

g ~
Layy = %aFwF“" , (1)

where F,w = %ewngW with €#VP9 the totally antisymmetric
tensor (€123 = +1). We denote the mass of a by mg. For a QCD ax-
ion [1,2], the axion mass m, is related to the axion decay constant
fa, which corresponds to the breaking scale of the Peccei-Quinn
symmetry; at the next-to-next-to-leading order in chiral perturba-
tion theory, we have [29]

10° GeV)
—— | meV.

a

mg = 5.691(51) x( (2)
The axion-photon coupling, gqyy, is also related to the axion decay
constant for a QCD axion. The relation depends on models and is
given by [30]

Zayy = L[E _ 1.92(4)] , 3)
2w fa [N

where « is the fine-structure constant and E/N is the ra-
tio between the electromagnetic and color anomaly factors for
the Peccei-Quinn current; for instance, E/N = 8/3 for the DFSZ
model [31,32] while E/N = 0 for the KSVZ model [33,34] with
electrically neutral heavy fermions. In the following discussion, we
do not restrict ourselves to these models, and regard both m, and
Zayy as free parameters, as in the case of a generic axion-like par-
ticle.

The interaction (1) induces the axion-photon conversion through
the scattering with an atom, A: a + A — y + A. This process is
called the inverse Primakoff process and has been discussed in the
literature [10-17,20-24], especially to search for solar axions. We
also consider solar axions, whose typical energy is a few keV,’ as
the prime target in the present and subsequent sections. In this
section, we focus on the case in which the state of the atom is
left unchanged during the scattering process, i.e., the scattering is
elastic.

The differential cross section of this scattering process is

doe ggnygpa sin” 6
dQ  16m2(E2 + p2 — 2Eqpqcos6)>
2
x f d*xe ¥ (Aol p(x)|Ao)| | (4)

where Eq is the energy of the incoming axion, q = p,, — p, with
p, and p, the momenta of the out-going photon and incoming
axion, respectively, pq = |p,|, 0 is the scattering angle, p(x) is the
charge density operator, and |Ap) denotes the ground state of the
atom A with (Ag|Ag) = 1. We have taken the non-relativistic limit
for the atomic state |Ag), with which the matrix element of the
current operator J(x) vanishes and the photon energy is equal to
the axion energy E,. We also note that q> = E2 + p2 — 2E,p, cosé.
In an atom of atomic number Z, the charge density p(x) can be
written as

p(x) = Zed> (x) — ene(x)
=ZeSX) —e) Sx—x). (5)

3 For the energy spectrum of solar axions, see, e.g., Appendix A in Ref. [17].
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where e > 0 denotes the positron charge, n.(x) is the electron
number density, and x; is the position of each atomic electron,
with the origin taken at the nucleus of the atom. By substituting
this into Eq. (4), we obtain

2 B3y oin2
08y, EqPasin 0

doa _ 1z-Fa@l, (6)
dQ 4w (E2 + p2 — 2Eqpq cosh)?
where F(q) is the atomic form factor:
F(q)E‘/}Pxe—m*ngx)::§:<AMe—W*4Ao>. (7)
i

In particular, for my < E4, we have
doel og?, sin®6 5

S Y 1Z—F@|”. 8)

dQ ~ 167 (1 — cos6)?

Notice that if the size of the momentum transfer |q| is much
larger than the inverse of the atomic size, the integrand in Eq. (7)
is a rapidly oscillating function and thus the integral is highly sup-
pressed; therefore, in this limit, Z — F(q) — Z. On the other hand,
for |q| — 0, we can expand e~9* in terms of q - x in Eq. (7) as

F(q) ~ /d3xne(x)[1 — %(q.x)2:| =7 - %/d3x(q.x)2ne(x) )
9)

If the distribution of electrons is spherically symmetric, the right-
hand side leads to

q2
Z—Hm:giv%, (10)

where (r?) is the mean square radius of the atom:

g [ Px&n.x) [ dPxx%ne(x)
T [d3xn.(x) Z :

(r (11)

In this case, the differential scattering cross section (6) has a sim-
ple form

@ N aggnygpa
dQ 144w

and, in particular, vanishes in the forward region.*

72" ?sin%0, (12)

2.2. Atomic form factor

The atomic form factor F(q) in Eq. (7) needs to be evaluated
for each target atom. To be specific, in this work, we consider a
xenon (Z = 54) as the target atom.

An approach to estimate the form factor adopted in the liter-
ature is to assume a screened Coulomb potential for the electro-
static field in the atom [14,21,23]:

Ze _r
¢(T)=He o, (13)

where r is the distance from the nucleus and rg is the screening
length. By noting that the potential ¢ is related to the charge den-
sity via Poisson’s equation,

2
Vip=—p. (14)
4 Notice that this is contrary to the case of the axion-photon conversion in a

homogeneous static magnetic field, whose differential cross section peaks in the
forward direction.
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we see that the integral in Eq. (4) can be evaluated as’

; Zeq

Bre X)) = ——
/ PO = (2

with g = |q|. As a result, from Egs. (5) and (7) we obtain a form
factor of the form

2
(16)

Fsc(q;10) = (17)

1+q%r3

Using this form factor, we can readily evaluate the differential
cross section from Eq. (6),

doe
dQ

az’gl, r4Eapasin® 0
s Am[1+12(E2 + p2 — 2Eqpacos6)]?

(18)

and the total cross section
aZ’g2,, E,
2 Pa
2(p2 2 2 2
r5(Es + +1 1+r5(Eq +
[ 0( a pa) lni 0( a pﬂ) }_1] (19)

Oel |sc =

47’%Eapa 1+ r(ZJ(Ea — Pa)?
For my; =0, these equations lead to
doo|  @Z’g,,riEqsin’6 20)
dQ |gc  4m[1+2E2r3(1 —cosd)]?
and
aZ%g2,, [2r2E2 +1
Yy 0~a 22

o, = In(14+4r;E5 -1, 21

el|sc 2 |: 4]'(2)Eg ( 0 a) :I ( )

which agree with the results given in Refs. [11,16,17,21,22].

In a realistic atom, however, the electrostatic potential cannot
be expressed in a simple form as in Eq. (13), and thus the form
factor does not have a form (17) either. We, therefore, need to
compute it using a ground-state wave function for each atom, i.e.,
the state |Ap) in Eq. (7). A list of the results for such calculations
can be found in Ref. [35], where the atomic form factor for Xe is
obtained based on the calculation in Ref. [36], which utilizes a rel-
ativistic Hartree-Fock (RHF) wave function provided in Ref. [37].
The resultant wave function is a function of q = |q| and tabulated
in Ref. [35].° In Fig. 1, we plot the xenon atomic form factor pro-
vided in Ref. [35] with gray blobs. We also show Fs.(q; ro) with
ro =2.45 A and 0.49 A in the green dotted and blue dashed lines,
which are used in Ref. [17] and Ref. [16], respectively. As we see,
the form factor computed with the RHF wave function is larger
than those used in Refs. [16,17] for |q| > 1 A~1; namely, electrons
in the atom distribute rather close to the nucleus, compared with
the distribution corresponding to a screened Coulomb potential.

It is known that the atomic form factors obtained in Ref. [35]
are well approximated by the following function’:

4 2
F@)~) a exp[—bi(%> :|+c, (22)

i=1

5 Fq(20) in Ref. [21] is related to this integral by

K2 .
Fa(20) = 7 /d3xe—““‘p(x), (15)

with k= |p, | and ©® =0/2.
6 Notice that it is, actually, tabulated with respect to s = |q|/(47) in units of A=,
7 A similar analytical expression can be found in Ref. [38], which is implemented
in the XrayDB Python module: https://xraypy.github.io/XrayDB/. We find that the
difference between these two approximations is negligible in the range of g shown
in Fig. 1.
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Fig. 1. The atomic form factor of Xe as a function of q = |q| obtained with the
relativistic Hartree-Fock wave function (gray dots) [35], compared to those obtained
from the screened Coulomb potential with ro = 2.45 A and 0.49 A in the green
dotted and blue dashed lines, which are used in Ref. [17] and Ref. [16], respectively.
The approximated function in Eq. (22) is also shown in the black solid line.

where |q| is in the units of A~1. For Xe, the parameters a;, b;, and
¢ are obtained as follows [35]: a; = 20.2933, by = 3.92820, a; =
19.0298, b, = 0.344000, a3 = 8.97670, b3 = 26.4659, a4 = 1.99000,
bs = 64.2658, and ¢ = 3.71180. We show the function in Eq. (22)
with these parameters in the black solid line in Fig. 1. It is found
that the approximated function (22) offers an extremely good fit
to the atomic form factor computed in Ref. [35]. We, therefore, use
this analytical expression to compute the scattering cross section
in the next subsection.® The fitting function in Eq. (22) gives a
close fit to the atomic form factor for |q| <25 A~! [35]. For a much
larger |q|, however, there should be no screening, i.e., F(q) — 0, as
discussed in Sec. 2.1, and therefore Eq. (22) becomes in accurate.
We discuss such a case in Sec. 4.

2.3. Cross section

We have seen in the previous subsection that the form fac-
tor computed with a relativistic Hartree-Fock wave function con-
siderably differs from those obtained with a screened Coulomb
potential for |q| > 1 A-1. This difference may have a significant
impact on the scattering cross section of axions with energy of
O(1) keV. We, in particular, note that the formula used in the pre-
vious works [11,16,17,21-23] is based on the form factor of the
form (17), i.e., associated with a screened Coulomb potential, as
we have seen above. In this subsection, we compute the cross sec-
tion with the form factor obtained given in Ref. [35] and compare
it with those used in the previous works.

To that end, we first obtain a formula for the total scattering
cross section in a more useful form by noting that the form fac-
tor given in Ref. [35] is a function of g = |q| and Eq. (6) can be
integrated as

Eq+pa
i _ 8y / dq (4% = (Eq — pa)*1[(Ea + Pa)® — ¢°1
. 8 paq’
Eq—pa
2
x|Z-F@| . (23)

8 We summarize the parameters of this analytical expression for a selected choice
of other target atoms and ions in Table 1 in Appendix.
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Fig. 2. The total elastic scattering cross section of the inverse Primakoff process on
Xe as a function of the axion energy E, with a realistic atomic form factor in the
black solid line, compared to those obtained from a screened Coulomb potential
with rg =2.45 A [17] and 0.49 A [16] in the green dotted and blue dashed lines,
respectively. We set mq =0 and gq, = 1071° Gev~1.

We then compute this integral numerically.

In Fig. 2, we show the resultant total elastic scattering cross
section o on Xe as a function of the axion energy E, in the
black solid line for mq =0 and g, = 1071 GeV~!. As a compar-
ison, we also show the results obtained with the form factor Fs in
Eq. (17) with ro =2.45 A and 0.49 A in the green dotted and blue
dashed lines, respectively, which correspond to the cross sections
used in Ref. [17] and Ref. [16], respectively. It turns out that the
cross section obtained in our analysis is smaller than those used
in the previous studies by about an order of magnitude, or more—
this smallness can be attributed to the larger value of F(q) as we
have seen in Fig. 1.

The size of the discrepancy among the results shown in Fig. 2,
especially for E; <1 keV, can be understood in a quantitative
manner as follows. Recall that for low-energy scatterings the cross
section is proportional to the square of the mean square radius of
the atom, (r2); from Eq. (12), we have

1
0ol ~ 7085,y EapaZ?(r%)? (24)

for low-energy scatterings. The mean square radius of an atom
with a screened Coulomb potential can readily be obtained from
Eq. (10) and Eq. (17) as

6.0A (9g=245A)

r2)sc = /6719 ~ ] .
rse 971124 (p=0.49A)

(25)
On the other hand, from the approximated analytical formula (22),
we can evaluate the mean square radius for this atomic form factor
as

4
6 )

~ > aibi~0.56A. (26)
i=1

We see that if we use a screened Coulomb potential with ry =
2.45 A and 0.49 A, we overestimate \/(r2) by a factor of ~ 11 and
2.1 and the scattering cross section by a factor of 1.2 x 10* and
21, respectively—this accounts for the discrepancy at low energies
in Fig. 2.

All in all, our result indicates that it is important to take ac-
count of the correct structure of atoms—or, to use a precise value
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of the “atomic size”—to accurately evaluate the cross section of the
inverse Primakoff process for axions with < O(10) keV energies.

3. Inelastic scattering

Axions may excite the target atom in the inverse Primakoff pro-
cess, which may be indistinguishable from the elastic scattering
process in experiments. We discuss the significance of these pro-
cesses compared to the elastic one in this section.

Suppose that the target atom that was in the ground state |Ag)
is excited into a state |Ap) in the scattering process; we denote
the energies of these states by Eg and Ej, respectively. The excited
state may either be in the discrete or continuous spectrum. In the
latter case, the atom is ionized after the scattering.

In order to obtain the inelastic scattering cross section, we need
to know the energy spectrum E, as well as the matrix elements
associated with the states |A;) and |Ap), which requires the com-
putation of the atomic wave functions for each state. Such a study
is far beyond the scope of our analysis. Instead, we focus on the
case where both the axion energy and the size of the transferred
momentum is much larger than the difference in energy levels,
En — Ep. This condition usually holds for E; = O(1) keV. The dif-
ferential scattering cross section under this condition can then be
obtained in a similar manner as before. We have

i 02
doi?e)l - ggWEgpa sin“ 6
dQ  16mw2(E2 4 pZ — 2Eqpq cosh)?

2

X (27)

/ dBxe % (A, p(%)| Ao)

We evaluate the above integral using Eq. (5) and noting that
(An|Ag) =0:

/ Pxe ¥ Azl p(X)|Ag) = —e ) (Anle ™1 |Ag) . (28)

1

We further define the following quantity, called the incoherent
scattering function:

S@,2)=)_|Y (Asle™9%|Ao)

n>0" i

2
, (29)

where the sum is taken over all states (both the discrete and
continuum states) except for the ground state (n = 0). With this
function, we can express the sum of Eq. (27) over n > 0 as

dOT(n)

2 3 2
Z inel agaVyEapa sin“ 6
— dQ 4w (E3 + pg — 2Eqpq cos6)?

Sq,2). (30)

By comparing this expression with Eq. (6), we see that the signif-
icance of inelastic scattering processes can be estimated by com-
paring the incoherent scattering function S(q, Z) with the factor
1Z — F(q)*.

In Fig. 3, we plot the incoherent scattering function S(q, Z) and
the factor |Z — F(q)|? against the size of the transferred momen-
tum q = |q| for xenon (Z = 54) in the gray dots and black solid
line, respectively. We take the values of S(q, Z) from Ref. [39] and
use the approximated expression in Eq. (22) for |Z — F(q)|?. From
this plot, we see that the inelastic scattering processes can be im-
portant for the keV-scale momentum exchange and even become
dominant for g <1 keV.

In a realistic experimental setup, however, some of the inelastic
scattering processes may not contribute to the signal. For instance,
when the energy transfer is rather large, the photon energy in the
final state, which is equal to E; — (E; — Ep), may not exceed the
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Fig. 3. The incoherent scattering function S(q, Z) and the factor |Z — F(q)|* against
the size of the transferred momentum q = |q| for xenon (Z = 54) in the gray dots
and black solid line, respectively. We take the values of S(q, Z) from Ref. [39] and
use the approximated expression in Eq. (22) for |Z — F(q)|2.

energy threshold. We also note that when the energy transfer is
sizable, it is inappropriate to use our approximated formula (27).
To obtain a more precise expression for the differential cross sec-
tion in this case, we need to compute the energy levels E, and
the corresponding matrix elements of the electromagnetic current;
to that end, we may use wave functions obtained with, e.g., the
flexible atomic code [40], as done in Ref. [41]. The total inelas-
tic scattering cross section is then obtained by summing the cross
sections for all of the channels that satisfy the signal selection
criteria, with efficiency factors taken into account. Such a computa-
tion needs to be done for each experimental setup and, of course,
beyond the scope of this paper—we leave this for future work.

4. Inverse Primakoff scattering for supernova axions

Another interesting target for the energy range of axions is
10-100 MeV, a typical energy of supernova axions. A huge amount
of axions can be produced from a proto-neutron star generated in
core-collapse supernova explosion. Indeed, one of the most strin-
gent limits on axion models? is set by SN1987A [45-54], where
the bound is obtained from the observed duration of the neutrino
events [55-57] as the axion emission tends to shorten the dura-
tion of neutrino emission. If a supernova explosion occurs near
the earth in the future, we may be able to detect axions from the
supernova [5,58-63]; this motivates us to consider the inverse Pri-
makoff scattering of axions with 10-100 MeV energies.

Let r4 be the typical size of the target atom. For E; >
O(10) MeV, |q|ra > 1 unless the scattering angle is extremely
small. For |q|ra > 1, as discussed in Sec. 2.1, we can safely set
Z — F(q) to be Z, i.e., F(q) = 0. On the other hand, as seen in
Eq. (12), the differential scattering cross section is suppressed for
small scattering angles, and thus we can neglect the contribution
of the forward scattering to the total cross section. As a result, the
total scattering cross section in this case can be expressed in a
simple form

9 The temperature observations of neutron stars give independent limits on axion
models [42-44], which are as strong as the SN1987A limit.
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az’g? [4E2 — az’g?
o~ 22 Bavy /d ]: ayy

1
T8E2 > [ln(ZEarA) - 5} ;

(31)

where we set my; = 0 just for simplicity and take the lower limit
of integration to be the lower bound of the condition gqra > 1. We
obtain a similar expression from Eq. (21) in the limit Eqrg > 1:

OIZZ 2

Ol ™ %[ln(zsaro) -1]. (32)
As we see from these equations, the total scattering cross section
depends on the atomic size only logarithmically, and thus for a
large E; we do not need detailed knowledge on the atomic struc-
ture. For instance, for E; =70 MeV, the difference in o, between
the choices of r4 =0.56 A and 6.0 A—see Egs. (25) and (26)—is
within 20%, which is drastically small compared with the orders-
of-magnitude difference seen in Fig. 2.

Next, we estimate the significance of the inelastic scattering
processes for energetic axions. To that end, we first note that the
incoherent scattering function S(q, Z) in Eq. (29) can be rewritten
in the form

S@,2)=_|> (Anle™%|Ag)| —|> (Aole” 4| Ag)
n i i
= (Aol Y e ™% Ag) — |F(q)[?
ij
=Z—[F(@* + (Aol Y_e T®XD|Ag) . (33)
i#]

The last two terms are suppressed for qrq > 1, and thus S(q, Z) ~
Z in this limit. By comparing this with the factor |Z — F(q)|*> ~ Z2,
we find that the inelastic scattering cross section is smaller than
the elastic scattering cross section by a factor of Z~1, and thus is
always subdominant for O(10) MeV axions.

To summarize, we can estimate with good accuracy the total
cross section for the inverse Primakoff process of 10-100 MeV
axions by just using the simple expression in Eq. (31) with r4 =
o) A

It is of interest to estimate the number of the inverse Primakoff
scattering events of axions from a nearby supernova explosion in
the future neutrino experiments, such as Hyper-Kamiokande [28],
DUNE [64-66], and JUNO [67]. There are quite a few supernova
progenitor candidates that are located within a few hundred par-
secs from the earth, with the nearest one (Spica; « Virginis) being
at the distance of dsy = 77(4) pc; for a list of supernova progenitor
candidates, see, e.g., Table Al in Ref. [68]. Following the prescrip-
tion in Ref. [63], which is based on the result in Ref. [53], we
estimate the axion production rate in a supernova explosion with
the average energy of axions (E;) =70 MeV as

2 2

Ng~22x10"s71 x < T ) CRef - (34)

where my is the nucleon mass and Cyef is given as a func-
tion of the axion-nucleon couplings, as shown in Ref. [63]. For
the KSVZ model, for example, Cy ¢t = 0.37, which we use as a
benchmark. For the target atom, we consider oxygen (Z = 8) for
Hyper-Kamiokande [28].!° For a fiducial mass of 187 kt water [28],

10 The inclusion of the scattering with hydrogen atoms does not change our es-
timation within the uncertainty of the calculation, because of the small atomic
number of hydrogen (Z = 1) compared to oxygen.
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there are Ng ~ 6.26 x 1033 oxygen atoms, for which we can esti-
mate the expected number of events using Eq. (31) as

NaAt X

Nevent = x No

Oe¢l
4md?
i 3><108GeV Cnetr \ { Zayy fa )\
= 0.37 o/
At d -2
x [ — N , (35)
10s 100 pc

where we take r4 =2 A and E, = 70 MeV in Eq. (31), but the re-
sult has little dependence on this choice. As we see, we may have
O(1) inverse Primakoff events for axions from a nearby supernova
in Hyper-Kamiokande. Although it may be challenging to detect
this signal in the presence of a huge amount of neutrinos from the
same supernova, a more detailed study on the search strategy for
this process would certainly be worthwhile.

5. Conclusion

We have discussed the calculation of the scattering cross sec-
tion of the inverse Primakoff process for axions, with particular
attention to its dependence on atomic form factors. This depen-
dence is most significant for axions with energies < O(1) keV, and
thus it is important to use a precise form factor in this case. We,
in particular, have shown that the previous computations for xenon
that use a screened Coulomb potential overestimate the cross sec-
tion by more than an order of magnitude. We have also found that
inelastic scattering cross sections may play an important role espe-
cially for low-energy scatterings. The scattering of more energetic
axions, such as supernova axions, is also discussed, and the scatter-
ing cross section in this case is shown to be less dependent on the
atomic structure. Finally, we have estimated the expected number
of the inverse Primakoff process events for axions from a nearby
supernova and found that O(1) events are expected in the future
neutrino experiments. Our observation motivates a more dedicated
study on the search strategy for this process, which we defer to
future work.

Note added

After this article appeared on arXiv, Ref. [16] is revised to a new
version, Ref. [27], where the authors changed the fitting formula
for the form factor into a new one with an additional parameter
N Fsemod(@) = Z[1+ (1 —N)q?r31/[1+¢*r3] in our notation, with
N =0.54 and ro = 3.13 A~1. This fitting formula offers a good
approximation to Eq. (22) for |q| <5 A~! and, as a consequence,
the elastic scattering cross section based on this modified form
factor is found to be in good agreement with our result for E; <
8 keV.
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Table 1
Parameters for the analytical approximation (22) to form factors of a selected set of target atoms and ions, taken from
Ref. [35].
Z ay b1 az b2 as b3 as b4 C
Xe 54 20.2933 3.92820 19.0298 0.34400 8.97670 26.4659 1.99000 64.2658 3.71180
Ge 32 16.0816  2.85090 6.37470  0.25160 3.70680  11.4468  3.68300 54.7625  2.13130
Na*t 11 3.25650 2.66710 3.93620 6.11530 1.39980 0.20010 1.00320 14.0390 0.40400
I~ 53 20.2332 4.35790 18.9970 0.38150 7.80690 29.5259 2.88680 84.9304 4.07140
Pb 82 31.0617 0.69020 13.0637 2.35760 18.4420 8.61800 5.96960 47.2579 13.4118
[keV] [keV]
3_0.0 2.5 5.0 75 100 125 150 175 0.0 2.5 5.0 75 100 125 150 175
) T T T T T T T T T T T T T T
—— RHF —— RHF
....... Foirg=1A e Fgimg =175 A

. Felrg=1A

g[A™]
(a) Ge

. Forg=1A

(b) Pb

Fig. 4. Atomic form factors of (a) Ge and (b) Pb as functions of momentum transfer q = |q|. The black solid, blue dashed, and green dotted lines correspond to the form factor
obtained with a relativistic Hartree-Fock wave function (we use the analytical approximation (22) with the parameters in Table 1), Fs:(q; o), and F(q; ro), respectively. For
Fsc(q; 1o), the screening length is set to be ro =1 A as in Ref. [23], while for F¢(q; o), we set ro =1 A and 1.75 A for Ge and Pb, respectively [20].

Appendix A. Selected list of atomic form factors

In Table 1, we summarize the parameters of the approximated
analytical function (22) for a selected choice of target atoms and
ions used in experiments. These parameters are again taken from
Ref. [35]. For the choice of target atoms and ions (besides xenon,
whose parameters are also presented in Sec. 2.2), we follow Ta-
ble A1 in Ref. [23].

In addition to Fs:(q; o) in Eq. (17), a Gaussian form factor,

Fo(q:ro) = Ze TT0/4 (36)

was used in the literature [20]. To compare this form factor with
those discussed in the main text, in Fig. 4, we show the atomic
form factors of (a) Ge and (b) Pb as functions of momentum trans-
fer ¢ = |q|. The black solid, blue dashed, and green dotted lines
correspond to the form factor obtained with a relativistic Hartree-
Fock wave function (we use the analytical approximation (22) with
the parameters in Table 1), Fs(q; o), and Fg(q; o), respectively.
For Fsc(q;ro), the screening length is set to be ro =1 A as in
Ref. [23], while for Fg(q;ro), we set ro=1 A and 1.75 A for Ge
and Pb, respectively [20]. These plots show that both of the form
factors are smaller than that computed with a relativistic Hartree-
Fock wave function for O(1) keV momentum transfer. As a result,
the cross sections of the inverse Primakoff scattering for these
atoms were again overestimated in the previous studies.
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