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The QCD axion is a promising candidate of the dark matter. In this paper, we discuss elastic scattering
processes between nucleons and the QCD axion dark matter. We point out that the cross section can be
enhanced by more than O(10%) by the coherent effect, compared to classical processes. As a result, for
example, we show that QCD axions may scatter at the sun with (O(1) probability for f, < 10'' GeV.
In addition, one may expect stimulated emission effects can also enhance the cross section because the

number density of the axion DM is very large. The enhancement factor can be as large as another O(10%)
and, if the factor exists, the force from the dark matter wind may be detected via, e.g., torsion balance
experiments. However, it is also found that there is a cancellation of the stimulated emission factor and the

force is too small to be detected.

DOI: 10.1103/PhysRevD.105.095030

I. INTRODUCTION

The absence of a dark matter (DM) candidate in the
Standard Model (SM) invokes the strongest motivation for
the extension of the SM. The QCD axion [1,2] is one of the
leading candidates of the DM. The QCD axion is a pseudo-
Nambu-Goldstone boson associated with the spontaneous
breaking of Peccei-Quinn (PQ) symmetry. Originally, it has
been introduced as a solution to the strong CP problem;
the unnaturally tiny value of the 0 angle in the QCD,
|6] < 10719 [3]. Later, it has turned out that axions may be
created in the early universe and be the DM in the present
universe [4-6].

The axion is nothing but the dynamical QCD 6 term.
The QCD axion a inevitably couples to the gluon via the
Chern-Simons term, ]%G,’jbé“"”, where f, is the axion
decay constant. The vacuum expectation value (VEV) of
the axion field (a) determines to an effective 6 angle as
O.r = 0 + (a)/f .. If the axion potential is solely generated
by the QCD dynamics, the axion VEV exactly cancels the 6
angle [7,8]. For this axion solution to the strong CP
problem to work well, the axion potential contributions
other than QCD must be almost exactly zero. This property
of the axion is dubbed a “shift symmetry”; the UV
Lagrangian of the axion must be invariant under the

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2022/105(9)/095030(13)

095030-1

constant shift of the axion field, a — a + a, except for
the axion-gluon interaction. For the axion-gluon interac-
tion, the shift is equivalent to the shift of the 6 angle.
Because the SM quarks have nonvanishing masses, this
shift symmetry is explicitly broken, which introduces the
axion potential. In other words, the axion-gluon Chern-
Simons term is the only term representing the breaking of
the shift symmetry in the UV theory.

In the IR theory below the QCD scale, we can write down
the effective interaction of the axion by using, e.g., the chiral
perturbation and the large N, expansion [7]. We can estimate
the axion mass, axion-hadron, and axion-photon couplings
in the IR Lagrangian. At the leading order of the chiral
perturbation, the effective interactions of the axion respect
the shift symmetry. For example, the axion-photon coupling,
aF WF’“’, has the shift symmetry and the axion-nucleon
coupling is a derivative coupling, OﬂaN 7"ysN, where N is a
nucleon fermion and respects the shift symmetry.

Many studies to date have aimed at detection based on
this leading order interaction between the axion and
Standard Model particles. The QCD axion is strongly
constrained from astrophysical observations such as stellar
cooling [9]. The current constraint indicates that axion
decay constant f, must be larger than ~10° GeV. To
explore higher f, regions, experiments on the ground are
necessary, and this research is being conducted vigorously.
In particular, many attempts have been made to observe
the axions as the DM, as the axion is the most important
and natural candidate of the DM. See Refs. [10-15] for
recent works. However, such experiments are not sensitive
to most of the parameter regions predicted by the QCD

Published by the American Physical Society
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axion DM. It is thus important to investigate another
detection method.

In this paper, we discuss the direct detection, i.e., elastic
scatterings, of the axion DM. Although the axion is very
light and the recoil energy of each scattering is small, the
number of the axion is large, and in principle, the direct
detection of the axion can be important. However, in most
of the previous studies, elastic scattering processes of
axions have not been considered. This is because the cross
section is considered to be small. The shift-symmetric
interactions between axions and fermions such as axion-
nucleon interactions, GﬂaNy”ySN, are dependent on the
spin of the fermion. The scattering amplitudes are, when
added up over multiple fermion scatterers with unaligned
spins, mostly canceled.

However, we point out that spin-independent inter-
actions between axions and nucleons, (a/f,)*NN, actually
do exist. Those interactions break the shift symmetry and
are proportional to the shift-symmetry-violating parameter.
It may be naively expected that such interactions are
suppressed by the axion mass in addition to the f,>
suppression as only the axion mass seems to violate the
shift symmetry in the IR Lagrangian. However, this is not
the case. In the leading order of the chiral perturbation and
the large N, expansion, the shift-symmetry-violating
parameters in the UV Lagrangian are the quark masses.
Indeed, we find that the four-point interaction, (a/f,)>NN,
is proportional to the quark mass and not very much smaller
than shift-symmetric interactions.

Unlike spin-dependent amplitudes, spin-independent
amplitudes are constructively summed over multiple fer-
mion scatterers within one Compton length of the axion.
Cross sections, which are proportional to the amplitudes
squared, are enhanced by the number of the scatterer
compared to classical estimations. This is called the
coherent enhancement effect and is included in the context
of the direct detection of heavier mass dark matters [16]. An
important point is that the mass of the axion is much lighter
and the Compton length of the DM axion is macroscopic.
The resultant enhancement effect is expected to be gigantic.

Another important enhancement effect for the direct
detection of the axion is the stimulated emission effect. As a
rule of quantum mechanics, the scattering amplitude of the
process a + b — ¢ +d, M(ab — cd), is enhanced by the
phase space number density of particles d if d is a boson.
For example,

(M(ab — cd)? = [Mo(ab — cd)? x (1 + fa). (1)

where M, is the amplitude without the background and f,
is the phase space number density of the final state particle
d. Given that we know the DM energy density ppy and
velocity vpy;, the phase space number density of the light
DM such as an axion is very large. The phase space number
density of the DM of a mass mpy, fpm, 1S

fDMN

POM___ 1077 (—mDM >_4. 2)

mpm (Mpm UDM)3 1 peV

One may expect that the cross section is enhanced by fpy.
If this is the case, it will enhance the rate of the direct
detection of light bosonic DMs such as axions very much.
As we will see later, although the cross section is indeed
enhanced, the recoil momentum is not enhanced by this
stimulated effect.

The rest of this paper is organized as follows. First, in
Sec. II, we review the axion interaction. We use the chiral
perturbation to derive the effective Lagrangian for the axion
and hadrons. In Sec. III, we discuss the detection method
using the interaction. In quantum mechanics, forward
scattering amplitudes, not amplitudes squared, may induce
a physical effect. Because the axion DM is light and has a
wave nature, we discuss both forward scatterings and
ordinary scatterings. In Sec. IV, we conclude the paper
with discussing other possible applications.

II. AXION INTERACTION

The Lagrangian of the QCD axion above the QCD scale
is written as follows:

1 o a . caw A Q =
Eziaﬂaﬁ”a—i—gNDwf—aGﬂyG” +ECEFMDF”, (3)

where a, G, and F are the axion, gluon, and photon fields,
respectively, and Npy and ¢ are O(1) integer and rational
constants, respectively. For simplicity, we take Npw = 1
and ¢ = 0. Here, the origin of the axion field is chosen to
absorb the @ angle in QCD. The axion may also couple to
the SM fermions f via derivative couplings as

d,a
fa

This does not alter our discussion, because the derivative
couplings respect the shift symmetry.

We now discuss the axion Lagrangian below the QCD
scale. The axion-gluon interaction term in the UV
Lagrangian, Eq. (3), breaks the shift symmetry by the
virtue of the nonzero masses of the SM quarks. As a result,
in the IR Lagrangian, shift-symmetry breaking terms
appear, being proportional to the quark masses. The typical
example is the axion mass,

frsr'f. (4)

3
AN’ m,my

2 0 _Twd
a — 23 k)
famu+md

(5)

where A is the QCD scale and m,, is the up (down)
quark mass.

We point out that the effect of the shift symmetry
breaking, i.e., the quark mass in the UV Lagrangian, also
appears in the axion-nucleon interaction in the IR
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Lagrangian. Using the chiral perturbation theory, we obtain
a spin-independent interaction as

AL=—— Z smyNN, (6)

faN s

where omy is a parameter related to the quark mass
contribution to the nucleon mass, dmy ~ O(10) MeV,
and is given in Eq. (A36). Note that, as discussed in
Appendix A, the omy « m,m,; and represent the shift-
symmetry breaking of the UV theory. The detailed calcu-
lation is found in Appendix A.

At the first glance, the same operator, a*NN, comes from
the axion-nucleon interaction usually considered,

myN exp (2iay’/f,)N. ()

where my is the mass of the nucleon. Indeed, if we expand
this interaction in a, one finds the term a?NN. However,
spin-independent interactions induced by Eq. (7) are sup-
pressed by the axion mass. This is because the interaction
Eq. (7) respects the shift symmetry. To see this point
clearly, by the chiral rotations of nucleons, the interaction is
rewritten as

—N]/”]/SN, (8)

which is explicitly shift-symmetry preserving. Although we
may write the four-point correlation function for aaNN
with this term, it is obvious that the correlator is suppressed
by the momentum of the axion. In terms of Eq. (7), this can
be explained as follows: indeed, the a> NN term exists in
Eq. (7), but for the scattering amplitude for the soft axions,
the diagram from a®> NN cancels against the diagrams with
two aNiy’N vertices which are also included in the
expansion of Eq. (7). Because of the momentum suppres-
sion, in total, Eq. (7) hardly contributes to the spin-
independent cross section. On the other hand, as we discuss
in Appendix A, Eq. (6) does contribute to the aaNN
amplitude without the momentum suppression. This is due
to the nature of the Goldstone boson, and the similar
property of the pion is known as the soft-pion theorem [17].

Let us discuss a nonrelativistic scattering process
between DM axions and the target nucleons, aN — aN,
by Eq. (6). Because Eq. (6) does not include y° in the
nucleon bilinears, the scattering amplitude is independent
of the spin of the nucleon. Thus, if multiple nucleons exist
within one Compton length of the incoming axion, the
phases of each scattering amplitude are the same. Because
all the phases are the same, the total amplitude is added up
constructively, being proportional to the number of nucle-
ons. The cross section, which is proportional to the absolute
value squared of the total amplitude, is then proportional to
the number squared. The cross section is enhanced by the

number of nucleons, compared to the classical scattering,
where the total scattering cross section is the sum of each
cross section. This is the coherent enhancement and is
common for low-energy scatterings in quantum mechanics.
As the Compton length of the axion DM is macroscopic as

107!
(mavpm) ™" ~ TCHL )

the number of nucleons within the Compton length can be as
large as =102, which leads to a significant enhancement of
the cross section. In the present analysis, we adopt the
approximation using free nucleon although actual detectors
are composed of nuclei. However, because binding energies
of nuclei are much smaller than the mass of nucleons in the
nuclei, the estimation does not lead to significant differences.

To quantitatively evaluate scattering amplitudes with the
large coherent enhancement in the nonrelativistic limit, it is
convenient to use the first quantization formalism, as the
process aN — aN is number conserving. To derive a
potential of the axion-nucleon system, we rewrite Eq. (6)
using the number densities,

Hi(x) = > my(ny(x) +ng(x),  (10)

T ,,f,rfa P

where H;(x) = —AL is the interaction Hamiltonian, n, is
the number density of the axion, nN(nN) is the number

density of the (anti)nucleon N, and b = ff a
to b ~ 1 for the QCD axion. Therefore, the potential energy
for each axion is

which reduces

5mN

Vix) = — N
=2 dom.1.1,

ny (%), (11)

where we assume ny = 0. With this potential, we can write
the Schrodinger equation for the axion,

a

where y(x) is the wave function of the axion and FE is the
energy eigenvalue. Solving the equation with appropriate
boundary conditions, we can derive the scattering cross
section for any nucleon configuration. In the Born approxi-
mation, the differential cross section is

d
° ( > ’/d3xe’q"V

where § = ¢(Q) is the momentum transfer. For the long-
Compton-length limit, ¢ < m,vpy — 0,6 « N3, where Ny
is the number of nucleons. This result reproduces the
qualitative argument of the coherent enhancement above.

(13)
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We discuss possible ground experiments exploiting this
potential for the axion DM detection in the next section.

To close this section, we make a few comments on other
aspects of the interaction, Eq. (10). First, it can be
interpreted as potential energies for nucleons. As in the
case of the axion potential Eq. (11), the potential for the
nucleon is

5mN 2
— a
afa

(x). (14)

Vy(x) =

This induces the mass correction to the nucleons with an
axion background. In particular, this potential affects the
mass difference between the neutron and proton and
modifies the lifetime of the neutron [18]. For cosmological
constraints, see Ref. [19].

Second, because the axion is a dynamical field, it also
mediates the Yukawa potential between two nucleons via
Eq. (6), with an axion background (a(x)) = a,. The
Lagrangian (6) is, with the background, read as

apgomy -
AE:N_Z i aNN. (15)
=p.n

This induces a long-range attractive force between the
nucleons. The Yukawa potential for two N with a distance
of ris

\/EFNMPlaO>2 m12\/ e—mar’ (16)

V212 8aM3, r

where ry = émy/my and My, is the reduced Planck mass.
This result is essentially the same as one given in Ref. [20].

it ==

III. SIGNAL OF AXION SCATTERING

In this section, we discuss experimental setups of the
axion DM direct detection to use the potential (11).
Because the Compton length of the axion DM is macro-
scopic and can be comparable to detector sizes, the wave
nature of the axion is also important. In addition to
conventional “hard” scattering, which is proportional to
the square of the scattering potential |V|?, there is forward
amplitude proportional to V, which corresponds to refrac-
tion of a wave and may provide observable signatures.
Here, we discuss both O(f;!) and O(f,?) effects, although
it will turn out that the former effect is hardly possible to
use with conventional detectors.

A. O(f;1) effect

Because the Compton length of the axion DM is
macroscopic, the axion DM can be regarded as a wave.
When a wave enters a medium, the wave is refracted. As we
discuss in Appendix B, the index of refraction n is given as

5p 1073\ 2
—1~1x10710 b2 17
et (g () v 07

Here,

om, Z ém, A—-Z
5p:NZ omyny = <m—:z+ - -T>p, (18)
=p.n n

where Z(A) is the atomic (mass) number of the target
medium and p is the mass density of the medium. The
parameters m,, , are quark mass contributions to the proton/
neutron masses and are given in Eq. (A36). The index is
small, but it is not obvious that we may ignore it. Let us
discuss how the index of refraction may contribute to the
observational quantity in the following.

Suppose an incoming axion DM is refracted on the
surface of a target composed of nucleons. As the momen-
tum of the axion is altered, a momentum of order
m,vpm(n — 1) is transferred to the target. Because of the
motion of the solar system and the earth through the
Milky Way (vg ~ 200 km/s), there is a DM wind from
the direction of travel of the solar system. For the DM wind,
one may expect that the net momentum transfer by the
refraction is nonzero if we choose a target with an
appropriate surface. Naively, for a target with surface area
S and mass M, the axion DM wind induces an acceleration
a on the target of order

2 pomUpm|n—1[S _i7(In—1] S g
o=y ) e g ) em/s

(19)

Although this acceleration looks small, it is large enough to
be detected in an experiment such as a torsion balance [21].
Thus, it is worth asking if the refraction indeed induces
such a large acceleration. As we will see soon, this
estimation is incorrect.

In fact, similar discussions have been made for the
detection of the cosmic neutrino background (CvB) [22].
The CuB is expected to be as cold as ~1.9 K, and thus its
Compton length is also macroscopic. The weak boson
exchange processes induce a potential between neutrinos
and matters. If the neutrino is a Dirac fermion, the potential
for a neutrino v; (i = e, u, and 7) is given as [22]

Grfi
vV, =
V2

ny. (20)

Here, Gy, is the Fermi constant, and n, is the atomic number
density in the target medium. The parameter f; is a
numerical constant given as
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Z—A i#e,
f"_{sz—A i=e. 1)

As in the discussion of the axion DM, the neutrino
potential contributes to the refractive index; the refractive
index of the cosmic background neutrino in a medium is

n—1 10-5 ny 0.01eV\ /1073\2 (22)
fi 6 x 10 /cm? m, v, )

This refraction index seems to be large. Several proposals
were, accordingly, made for the CvB detection [23-25].
However, it has turned out that the refraction effect is
hardly detectable [26,27], as the total momentum transfer is
completely canceled for the refraction effect for spatially
uniform CvB density. The net momentum transfer from the

neutrino background to a target per unit time, P, is given as

- -

P=-P,=—ilH.P,) =~ / &V, n,,  (23)

where IBD is the momentum change of the neutrino back-
ground, 7, is the number density of the CvB, H, is the
interaction Hamiltonian given as H; = f d*xV,n,,and V,
is the neutrino potential (20). This equation shows that as
long as the neutrino background is homogeneous,
Vn, = 0, the total momentum transfer vanishes.

The same result holds for the axion DM. As long as the
axion DM distribution is uniform, the static force by the
refraction vanishes. One important difference is that axions
are bosons and can form lumps, where Vn, # 0. For
example, if axions move together as a wave packet with
the width ~m, vpy;, the axion density may be nonhomo-
geneous; Vn, ~m,vpun, = UpmpPpm- 10 this case, we
estimate the refractive force as

P~ —/d3xV(x)vDMpDM

_ YpmPpM
8m.fa "
~2%10°20 ¢. 29 b DM Upm
% g-em/s x (0.3 GeV/em® ) \ 102
9
X( M, >(10 GeV>, (4
001 g fa

where M, = [ d*x8p for the target. The resulting accel-
eration, 1072° cm/s ™2, is larger than the ultimate sensitivity
of torsion balance experiments, 1072} cm/s™2 [21].
Nonetheless, conventional torsion balance experiments
are not able to detect the signal [28] because the force
depends on the dark matter local density configuration
and has a strong time dependence with a frequency
O(myvpy) ~ (m,/1 peV) MHz. Moreover, as the axion

is massive, the axion wave packet is dissipative, and it is
likely that Vn, < vpyppum in reality. Therefore, we con-
sider the axion DM detection with the refraction effect
is hard.

B. O(f;?) effect

In this subsection, we discuss elastic scattering processes
by Eq. (11), which are suppressed by f;2. For quantum
mechanical scatterings, we possibly have two enhancement
effects, the coherent enhancement and the stimulated
emission effect. As we have discussed in Sec. II, the
coherent effect is properly included if we solve the
Schrodinger equation with the potential, Eq. (11).
Because we cannot analytically solve the Schrodinger
equation for generic potentials, we rely on the Born
approximation instead, although the validity of the approxi-
mation must be discussed. On the other hand, the stimu-
lated emission effect is needed to be independently
included in the estimation.

Roughly speaking, the stimulated emission effect comes
from a matrix element M being evaluated as follows:

M = (Nyx —1,Ny + 1|S|Nx,Ny)

Z<NX_laNY+1|_i/dtHeffNXaNY>
— Ny T LNy = 11| = / dtH Ny, 0),  (25)

where H g is the effective Hamiltonian, S is the S matrix,
Ny is the number of initial particles in the initial state, and
Ny is the number of the particle in the initial state with the
same quantum number, e.g., a momentum, as the final
particle. The matrix element is enhanced by a remainder of
normalization factors, /Ny + 1, as multiparticle states are
normalized as

1
VN,

where a; is a creation operator. This enhancement is called
the stimulated emission effect. For the scattering process, N
corresponds to the phase space number density f(p), where
we assume a spatially uniform distribution. Typically,

INy) = (ay)""]0), (26)

- DM
f(p) ” mg (maUDM)3

~ 101 (—_Pou mon )7 @)
0.3 GeV/ecm? ) \102eV) ’

and we may naively expect a gigantic enhancement.

In the following, we include both effects to estimate the
scattering effects of the axion DM. We first discuss the
validity of the Born approximation and show when
the approximation cannot be used. We then estimate the
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scattering cross section without the stimulated emission
effect and see the difference when the stimulated emission
effect is included. However, it will turn out that the
stimulated emission effect makes no difference for detec-
tion experiments. Hereafter, we assume that the scattering
target is a sphere of a radius R with constant nucleon
densities ny, unless otherwise noted.

First, we discuss the validity of the Born approximation;
the Born approximation is not always valid even though the
potential Eq. (11) itself is much smaller than the energy
scale of the scattering. This is because R may be very large.
The Born approximation is a good approximation as long
as the scattering process is rare; i.e., the amplitude of the
scattered wave is smaller than the incoming wave. For a
very large R, this may not hold anymore, since any
incoming wave eventually scatters if we take R — 0.

Let us see what happens in the limit of R — co. We may
formally calculate the cross section according to Eq. (13)
for an arbitrary R. First, let us estimate the cross section for
mg,vpmyR > 1. The differential cross section for ¢ > 1/R
is, in the limit of R — oo,

do  (2m,\?|4zR cos gR Sp B (28)
dQ~ \ 4zx q° Abm,f.fal
The cross section is
= do R sp |2
o~ [F dg? — =R’ | —————| . (29
/—Z(m,,v];.M)2 dq2 Upm 4bmﬂfﬂfa ( )
On the other hand, for m,vpy < 1/R,
R%5p\ 2
o~ R’ 2,0 . (30)
6fa

When we take R — oo, the cross section exceeds the
geometrical cross section, o~ 7aR% Tt is expected that
the Born approximation must be invalid as R becomes
bigger.

Indeed, as discussed in Appendix C, the condition for the
Born approximation to be valid reads

5p
>
UDM4bmﬂfﬂfa
_43x10 (R Sp 1073 /10° GeV
T b km/ \0.01 g/cm® ) \ vpy fa )’
(31)
for m,vpyR > 1 and
R%5
1>
8fa

2 9 2
—Lax 1073 % ) (18T 5y
mm 0.01 g/cm fa

for m,opyR < 1. As expected, the cross section is geo-
metrical at the point where the inequality does not hold
anymore. For small size targets, the latter equation con-
cludes that the Born approximation is always correct in
realistic setups. However, for large-size targets, the former
condition does not necessarily hold. In particular, if we
consider scatterings between the axion DM and celestial
bodies, the condition can be violated.

Suppose, for example, we take the sun as the target,
Ry ~7x 10° km. The density of the sun varies from
0(0.1) to O(100) g/cm? for radii Ry—0.1R, respectively
[29]. For this range of parameters, Eq. (31) does not always
hold for f, < 10'" GeV; i.e., axions scatter at the sun with
O(1) probability for £, < 10'" GeV. For other DM can-
didates such as a DM with the weak interaction, for
example, the expected scattering rate at the sun is much
smaller. This scattering process at the sun is specific to the
axion DM, where a large coherence enhancement effect
exists.

As an application, we point out that one may measure the
axion-gluon coupling by electromagnetic-type axion detec-
tion experiments such as haloscope-type experiments, if the
angular resolution is good enough. Haloscope-type experi-
ments [30], for example, detect axions by converting them
to photons in a magnetic field. Thus, they are sensitive to
the axion-photon coupling but not to the axion-gluon
coupling. Let us assume that such an experiment has a
good angular resolution and can point to the sun, whose
angular diameter is § ~ 1072 rad. Note that this, at least,
requires one to measure the momentum of the converted
photon as accurately as O(5 - vpy) ~ O(107) and it will
be challenging.

Because of the peculiar motion of the solar system, it is
expected that there is a dark matter wind. Because of this
DM wind, the axion DM flux on earth is not isotropic. If a
sufficiently good angular resolution is available, it will be
possible to verify this DM wind by observing these
angular dependencies. However, because axion DM with
fa < 10" GeV strongly interacts with the sun, much of the
axion DM arriving from the sun’s direction is particles that
have been scattered by the sun. Therefore, we expect the
DM flux from the solar direction to be very different from
the value predicted from the unscattered DM wind.
Furthermore, there should be annual modulation in these
solar DM fluxes, which depends on the differential cross
section of the sun and DM axion. Therefore, in principle, it
is possible to study the detailed interaction between the sun
and axion. For example, if this scattering is isotropic, the
DM flux should be constant regardless of the season.
In reality, we need to solve the Schrodinger equation with
an appropriate density profile of the sun to derive the
angular dependence of the scattering of the axion at the
sun. A precise measurement of the angular dependence
would allow us to probe the direct coupling between the
axion and gluon, which plays an important role in
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establishing the “QCD axion” as a solution of the strong
CP problem.

A few remarks are made on other possible applications
of geometrically large scatterings between axion DMs and
celestial bodies. First, as Eq. (31) shows, for the given mass
of an object, the denser the object is, the stronger the
interaction is. Therefore, the DM axion strongly scatters
with denser astrophysical objects such as white dwarfs and
neutron stars even for much larger f,. Second, since the
axion DM may interact with the celestial bodies with the
O(1) possibility, it may affect the motion of the celestial
bodies. The result of a previous study [31] shows that the
effect is too small to affect the motion of the solar system.
For neutron star binary motions, gravitational dragging
effects are dominant over the axion DM effect [32].

Let us now discuss a much smaller object, where the
Born approximation is valid. Because the coherent effect is
most significant for low energies, |m,vpy|R~1, we
assume R = (m,vpy)~'. The scattering cross section in
the Born approximation is

do Sp 2
aQ T30 mvdy,
S 2
=30 x 10720 em? x by [ —L
0.01 g/cmr

-3\ 6 /10-2 2
y <10 ) (10 eV> ’ (33)
Upm mg
where n = m,vpyR. The scattering cross section is not
very small, but each momentum transfer is as small as of
order O(m,vpy;). We need to detect the collective force on
the target, such as the acceleration on the target [28]. Let
f(p) denote the phase space density of the DM axion of a

momentum p, where we assume the DM is spatially
uniform. Without the stimulated emission effect, the force

on the target F is written as

» N P A
Fe [ dnd s =151 2 = 55) g ),

mg

(34)
where Q; is the solid angle between p; and p ;. In this case,

the magnitude of the force induced by the DM wind is
estimated as

do
F~dn J07PM Vbu

5p 2 PDM
~ 1.9 x 105N x 540
x o <0.01 g/cc> (0.3 GeV/ce

1073\ 4 /1072 eV 2
x< > ( © ) . (35)
Upm mg

The acceleration induced by this force is

a=~5.8x107% cm/s? x b~} v
0.01 g/cm?

% DM P -17107? my
0.3 GeV/ecm® ) \1 g/cc vpm /) \1072 eV /)’

(36)

where p is the mass density of the target. Given that the
ultimate sensitivity of the torsion balance experiment is of
order 1073 cm/s? [21], the expected acceleration by the
axion wind is too small.

As we have discussed, in quantum mechanics, the
stimulated emission effect must be included. It is worth
asking if the stimulated emission effect may enhance the
acceleration. Again assuming the spatial distribution of
the axion is uniform, the cross section is enhanced with the
stimulated emission effect,

do do
-
dQ;,  dQ;,

(1+1(Py))- (37)
Typically, we have the enhancement factor as

- _ DM
f(p) NfO - ma(ma'UDM)3

~ 1011 (v mon )7L (s8)
0.3 GeV/ecm?/\102eV)

Therefore we may naively expect an acceleration of order

agu=foa~ 1071 cm/s?, (39)

which is large enough to be detected. However, it turns out that
the enhancement effect actually vanishes for DM detection.

To see that such effects do not appear in the observed
quantities, we must perform calculations that include the
inverse process as well. With the stimulated emission effect
included, Eq. (34) should be written as

- - — ﬁi - bud
Fou= /dSpid3pf5(|pf| = |pil) |m|(Pi_pf)
do
7(1 - 4
* g, P+ 1(P)) (40)

The difference between Eqs. (34) and (40) is

Pl , ., do

SF= | Bo.d3p.s(5: =5, o
[ o pia51 =150 =) g

x f(Pi)f(Py)- (41)

However, we observe this integrand is odd under exchange
pi <> Dy and 6F = 0 after the integration. Therefore, there
is no net effect from the stimulating emission.
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Since we conclude a large cancellation of a factor
fo > 0O(10'°), we need to be careful about whether there
is any loophole in this argument or any factor left
uncanceled. First, we stress that the stimulated emission
effect of /Ny + 1 enhancement is valid only in perturba-
tion theory. As we have shown in Eq. (25), the stimulated
emission relies on the perturbation; the enhancement factor,
v/ Ny + 1, comes from the perturbative expansion of the S
matrix. For generic cases including Eq. (40), we may need
to use a density matrix as the DM axion is not in a pure
state, but the origin of the enhancement factor f(p) is the
same; it is from the perturbative expansion of the S matrix.
Thus, once the enhancement effect becomes so large that
the scattering process would be larger than the unitarity
bound, a naive use of the stimulated emission effect fails.
The physical interpretation of this is that multiple scatter-
ings such as Ny, Ny - Ny —n,,, Ny +n,, for n,, > 1
occur. For the case in our interest, the rate is much smaller
than the unitarity bound and our present treatment of the
stimulated effect is still valid. The second possible loophole
is that we have assumed that the axion distribution is
spatially uniform to show the cancellation. In our analysis,
we have assumed R < (m,vpy)~" and the assumption may
be justified.

IV. CONCLUSION AND DISCUSSION

In this paper, we have discussed the spin-independent
interaction of the QCD axion. Contrary to a naive expect-
ation, the size of the interaction is not suppressed more than
O(f7?). In particular, we focus on the axion DM and
estimate the axion-nucleon scattering effect.

The forward scattering process by the spin-independent
interaction induces the index of refraction for DM axions.
At first glance, it causes acceleration on targets, since
momenta are transferred for each refraction process.
However, the acceleration from the refractive effect is
canceled after integrating over the entire surface of the
target, if the axion DM density is spatially uniform.

As the DM axion has a macroscopic Compton length, the
coherent enhancement effect on the scattering is very large.
On the one hand, the scattering cross section between
gigantic objects as celestial bodies, including the sun, can
be geometrically large. The scattering may be a good tool to
measure axion-gluon coupling.

On the other hand, the scattering cross section between
smaller objects such as a test target on the ground can be
enhanced by the coherent effect. However, the acceleration
to the target by the axion DM wind is smaller than the
ultimate sensitivity of the torsion balance experiment.
Although the quantum stimulated emission effect can
enhance the scattering cross section, we have found that
the stimulated emission effect is canceled after integrating
over the phase space of the axion DM.

We have left a few points as open questions. First, it is
not clear whether any other experimental setups can detect
the acceleration better. In addition to the static acceleration
by elastic scatterings, time-varying acceleration due to the
refractive effect with inhomogeneous DM density can exist.
We need a new type of experiment to detect such signals.
Second, we have not discussed astrophysical signals by the
spin-independent interaction. In particular, we have pointed
out that interactions with denser objects such as white
dwarfs or neutron stars are very strong. It is worth asking if
the impact between these objects and the axion DM, which
may form denser clusters, may cause any signal such as
seismic waves.

Finally, let us comment on the case of the more generic
axionlike particle. Although our present analysis focuses on
the QCD axion, its application to the axionlike particle case
where the relation between the gluon coupling and mass is
not correlated is straightforward. One can simply change
the value of b = %Z’—f in the above expressions. A model
with b < 1 for small f, may already be tested by the
torsion balance experiments.
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APPENDIX A: CHIRAL PERTURBATION
FOR U(n), xU(n)g — U(n)y

In this section, we derive the chiral effective Lagrangian
for two-flavor QCD, U(n), x U(n)g = U(n), for n = 2,
based on Ref. [17]. We assume the large N, limit [7] as
well. Note that we adopt a notation that the pion decay
constant f, ~ 93 MeV, which differs from the notation in
Ref. [17] by a factor of 2.

1. Goldstone degrees of freedom

In the effective Lagrangian, we may regard the coset
space of the symmetry, G/H, where G = U(2); x U(2),
and H = U(2)y, as the Goldstone boson degrees of free-
dom. To write down the Lagrangian invariant under the
group G, we need to know the transformation rule for the
Goldstone bosons under G. We start to write the trans-
formation rule for the quark field:
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(A1)

q= (:) — exp [iZ(%% + 92%1/5)] q

a

where A, is the U(2) generators normalized as
Tr(292%) = 6* and 6V and ¢ are the parameters of G.
Because 6V corresponds to H and #* does to the coset
space, we may map the Goldstone bosons &,(x) to §4. For
convenience, we define y(&), an element of G:

1(E() = exp {—mzﬂjéa wa]. (A2)

For any constant g € G, gy(&) is the element of G. We can
define & and h(g, &) such that gy(&) corresponds to an
element in the right coset space, y(&'), up to the right action
of some element in H, which in general depends on £ and is
written as h(g,&):

gr(£(x)) = 7(&'(x))h(g.£(x)).

We may impose on & a condition that Vhy € H,
h(hgy, E(x)) = hg = const because the symmetry H should
be linearly realized. We then assume the transformation
rule for £ under G is given as this &; namely,

(A3)

= gr(&)h(g.&)".

This is the nonlinear realization of G on the Goldstone
bosons £.

Using y, we may construct a nonlinear realization base
for the quark. From ¢, which transforms as Eq. (A1) and
called the linear base, we define a new field g:

r(&) = r(&) (A4)

q=73q. (AS)

This is the nonlinear realization base for g. Under the action
of G,

q—q =h(g.9r "9 '9g=h(9.9)g.  (A6)
Indeed, G nonlinearly acts on g. Since the action of G on g
is always vectorial, we may regard § does not contain the

Goldstone degree of freedom. In particular, the quark
condensation should be written as

4iq; = —N6y;. (A7)

after integrating out UV degrees of freedom. Here, we call
A the QCD scale.

We may separate the left- and right-hand part of y(&) as
y(&) =PB(E)PL+P(E)7 Pr, where B(§) =exp(—i} 2, Eula)-

The transformation rule for #(&) is written as

Lp(E) = B(&)h(E. 9) (A8)

Rp(E)™ = B(&) (& 9). (A9)

where
L =exp <i29§la>, (A10)
R = exp (iZfo/la). (A11)

Here, g=exp[i>_, (0Y A, +042,y5)] and LK) = gV + 9.
Using B(&), we can define a new field U(&):

Ue) =p© —exp( 2z25a ) (A12)
The transformation rule of U(¢) is now simple:
U(E) - UE)=LUER. (A13)

Note that the action of G onto U is nonlinear as well, but it
is constant in the spacetime.

2. Lagrangian for the Goldstone bosons

We use U to construct a G-invariant Lagrangian for
the Goldstone bosons. With the breaking of U(1), in the
quantum level, the most generic Lagrangian is, in the
leading order of the large N, expansion and the chiral
perturbation [7,17],

( ilndet U — 0)?,

c

L= J;”Tr(a UorUt) - (A14)

where f, is the pion decay constant, a, iS a constant
parameter of mass dimension 4, and 6 is the QCD vacuum
angle. We may assume 6 = 0, but keep it here for the
discussion of the axion field later; in the presence of the
axion with the decay constant f, and the domain wall
number Npy, we just replace & — 0 + Npw 7

Let us write down the canonical form of the Lagrangian
for the Goldstone bosons. Expanding the Lagrangian up to
the second order of &, we obtain

L=—f208)? -+ (-2v2& - 0)’.  (Al5)
We can use a base
(. 7') = V2 o(&.&) (A16)

fori = 1, 2, 3 as canonically normalized Goldstone bosons.
Note that z° is usually called 7°.
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We may include the explicit symmetry breaking term, the

quark mass. In the UV Lagrangian, the quark mass term is

Lyuv =—qM,q, (A17)

where M, = diag(m,,m,). For the IR Lagrangian, we

integrate out quarks by using the quark condensation,

Eq. (A7). Replacing 7,5; —» —A%S;; and g,753; — 0, we
obtain

Lo = NTe( (M, 7(€) =5 THU+ UM, (A9

This term gives the mass to the (pseudo-)Goldstone bosons.
Using the canonical basis, we obtain that the pion mass is

/\3
m2 = Mt ma)A” J;;n") : (A19)
V1
for instance.

3. Interaction between the nucleon
and the Goldstone bosons

Using the chiral perturbation, we can also write the
interaction terms between the nucleon and the Goldstone
bosons. We know the nucleons, N = (p,n), transform as a
doublet under H. Thus, we may assume that N is the
nonlinear realization base of the nucleon, which transforms
as N - N' = h(&, g)N under V g € G. The linear base can
be defined as

N=y(&)N (A20)
so that the action of SU(2), ) on N is the SU(2) rotation
for the left-(right-)handed Weyl component of N. Using the
linear and nonlinear bases, we may write the most generic

G-invariant Lagrangian for the nucleon and the Goldstone
bosons in the leading order of the chiral perturbation as

L=NiIN-myNN

1 - _ _
+§(l—gA)lNy”(U8ﬂU 'P,+U'0,UPR)N, (A21)

where my is the nucleon mass in the absence of the explicit
G breaking and g, is the axial current coupling constant.
The physics is independent of whether we use N or N, but
we need to use only either one of them. We here rewrite the
Lagrangian in terms of N,

£ = RidN — my R N iy (”TQA HE10,7(&)

129, <e:>-1>zv.

5 (A22)

Note that g, satisfies the so-called Goldberger-Treiman
relation [33].

This Lagrangian is G invariant so that the Goldstone
boson couplings are all derivative. However, as we have
discussed, G is explicitly broken by the quark mass term
and the anomaly. The latter equally contributes to the axion
and the Goldstone boson, and we ignore it in this paper. The
former effect can be included in the effective Lagrangian by
rewriting the quark mass terms in terms of nucleon fields.
Let us define the nucleon form factor f]}’q as

myfY, = (Nm,3 3 N) (A23)
for ¢ = u, d. Let us focus on the neutral component of
mesons in the following: &2 = 0. We may rewrite the
quark mass in terms of the IR degrees of freedom as
follows:

~ N 77,2 X
myqq — myf1,Ny*(£) ,4N- (A24)
In particular, we are interested in spin-independent inter-
actions, terms without ys in nucleon bilinears. For these
terms, the quark mass correction for the nucleon interaction
can be written as

5L==> "NT[FNU + UNNN,  (A25)
N 2
p.n
where
FN = diag(f},. fY,)- (A26)

For the vacuum, U — 1, these terms play a role of the mass
correction to nucleons by quark masses. In particular, we
define

Smy = myTr(FN). (A27)

1}’q is estimated by lattice simulations [34] and dmy ~
40 MeV.

4. Inclusion of the axion

Finally, we include the axion in the chiral effective
theory. For simplicity, we assume the Kim-Shifman-
Vainshtein-Zakharov-type axion [35], where the axion does
not have the additional derivative coupling between the
quarks. The kinetic mixing between mesons and an axion is
therefore vanishing. The axion enters the effective
Lagrangian as replacing 8 by 6 —a/f,, where f, is the
axion decay constant and the domain wall number is
assumed to be unity.

To simplify the analysis, we assume the 1/N contribution
for the #' mass is much larger than the quark mass contri-
bution, which is phenomenologically sound, my,>>mj [9],
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and assumed by many references such as Ref. [17]. With this

assumption, we can just replace &0 — 5 \/“i . to integrate out 7’

In this paper, we focus on the axion and nucleon as the
degrees of freedom; in particular, aaNN coupling is of
phenomenological importance. If we assume m,, = m, itis
obtained from Eq. (A25) by taking the second order of a as

2

a
oL =—— A2
812 (A28)

(6m,pp + Sm,nn).

This equation agrees with the result in Ref. [36].
For generic quark masses, results are the following: the
axion mass is

= s (=) (A29)
and the interaction is Eq. (A28) with
dmy = (j—fFu + Jrfradmn. (A30)
where
fe= 413 £ 1) (my +my). (A31)
9= /6472 2mmy + 12 (A32)

b= 167312 m, —ma)? + (f- + 9%, (A33)

. <f—+gi8fg<mu_md)>2
J+ = A .

(A34)

One can confirm that the axion-proton coupling is vanish-
ing in the limit of m, — 0, as f}, — 0. Note that for
fa> f, the above equations can be reduced to

3
2 AN mymy
a — )
fzzlmu+md

2m,;  \2 2m, \?
(3 e () e 0

These interactions for the axion have not been explicitly
explored before, but are implicitly used in contexts such as
Refs. [18,20,36]. For an application for the axion in this
context, see Ref. [19].

(A35)

APPENDIX B: REFRACTIVE INDEX

In this section, we discuss the index of refraction for the
axion DM. The index of refraction of a medium is defined
as the ratio of momenta in a vacuum and in the medium.
Suppose an axion, whose momentum in the vacuum is

pt = (E, /2) so that E? = k*> + m2, goes into a medium and

the four momentum is modified as p# = (E, I?) The index

of refraction #n is then given as K = nk.

In the constant nucleons background, Eq. (A28) becomes
the mass correction to the axion. The Lagrangian for the
axion is

_l 2_1 2 _ 5p 2
L —2(861) 3 (ma 4f3>a , (B1)

where

6p = Z 5mNnN
N=p.n

(B2)

and ny is the number density of the nucleon N. We assume

that the nucleon background is sparse, so that 4‘;”2 < m?.
Using the mass correction, we can estimate the change of

momentum of an axion. Assuming that the axion is

nonrelativistic but its momentum |k| is much larger than

the mass correction, n is given as

op _ bp
T8KAf2 T 202 fim?

~12x10710( % " )7 B3
0.01 g/cm? ) \1073

where v is the velocity of the axion. Note that the refractive
index is independent of the mass of the axion.

n—1

APPENDIX C: BORN APPROXIMATION

In this section, we review the Born approximation and its
validity condition [37]. The scattering problem in quantum
mechanics is to solve the Schrodinger equation with an
appropriate boundary condition, which fixes the wave
function at infinity as the sum of the plane wave and the
outgoing spherical wave. Suppose a Schrédinger equation

(Ho +V)lw) = Ely). (C1)
where E = k?/2m, m is the mass of the particle, k is the
momentum of the initial incoming wave, H, = p*/2m, p is
a momentum operator, and V is the potential. By solving
this Schrodinger equation with the boundary condition, we
can discuss the scattering process by the potential V.

The equation with the boundary condition is rewritten as

lw) = |k} + (E — Ho + ie) ™' V]w), (C2)
where |k) is a plane wave state with momentum k. This is
the Lippmann-Schwinger equation [38]. The solution of the
Lippmann-Schwinger equation can be formally expanded
in a power series:
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w) = |k) + (E~Ho + ie) ' V|k)

+(E—Hy+ie) 'V(E-Hy+ie)"'V[k)---. (C3)
This is called the Born series and the (first order) Born
approximation is an approximation to terminate the series
at the first term in V:

) =~ k) + (E — Hy + ie) "' V|K). (C4)

The physical meaning of the approximation is now clear;
the interaction is weak enough for the scattering to occur at
most once in the potential, and the wave function is the
superposition of the incoming plane wave and the outgoing
scattered wave.

For the Born approximation to be valid, the second term
must be much smaller than the first one:

| (x| k)| >> |(x]|(E = Ho + ie) ' V[k)]. (C5)
The right-hand side can be written as
(x|(E — Ho + ie)~'V k)
m piklr—x'|+ik-F
=——— | &X——F V(). Co
(2;;)%/ * 4r|x — x| 2 (C6)

As a scatterer, let us think of a spherical potential with
radius R,

V(x) = Vo®(R —r). (C7)

The condition for the Born approximation is that Eq. (C5)
holds at the origin. It reads as

R
mT Vo1 for kR>1, (C8)
mR>Vy < 1 for kR < 1. (C9)

Even if the magnitude of the potential is much weaker than
the momentum, the Born approximation is not valid for the
large enough sphere.

Let us estimate the cross section for such large but weak
potential spheres. Suppose we increase V, gradually from 0.
For both large and small k&, when we formally apply the
Born approximation, the cross section approaches the
geometrical cross section, ¢ ~ 7R?, as the inequalities
become invalid if the partial waves are appropriately
summed over. On the other hand, as an extreme limit, if
we take V() — oo, we may exactly solve the Schrodinger
equation by expanding the scattered wave in spherical
waves [37]. Then, the cross section is again the geometrical
cross section. Thus, it is natural to assume that the cross
section is of order 7R? even in the intermediate regions.

[1] S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).

[2] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978).

[3] R. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977).

[4] J. Preskill, M. B. Wise, and F. Wilczek, Phys. Lett. 120B,
127 (1983).

[5] L. Abbott and P. Sikivie, Phys. Lett. 120B, 133 (1983).

[6] M. Dine and W. Fischler, Phys. Lett. 120B, 137 (1983).

[7] E. Witten, Ann. Phys. (N.Y.) 128, 363 (1980).

[8] C. Vafa and E. Witten, Phys. Rev. Lett. 53, 535 (1984).

[9] M. Tanabashi et al. (Particle Data Group), Phys. Rev. D 98,
030001 (2018).

[10] S.J. Asztalos et al. (ADMX Collaboration), Phys. Rev. Lett.
104, 041301 (2010).

[11] D. Budker, P. W. Graham, M. Ledbetter, S. Rajendran, and
A. Sushkov, Phys. Rev. X 4, 021030 (2014).

[12] A. Caldwell, G. Dvali, B. Majorovits, A. Millar, G. Raffelt,
J. Redondo, O. Reimann, F. Simon, and F. Steffen (MAD-
MAX Working Group), Phys. Rev. Lett. 118, 091801
(2017).

[13] B. T. McAllister, G. Flower, E. N. Ivanov, M. Goryachey, J.
Bourhill, and M. E. Tobar, Phys. Dark Universe 18, 67
(2017).

[14] L. Zhong et al. (HAYSTAC Collaboration), Phys. Rev. D
97, 092001 (2018).

[15] O. Kwon et al. (CAPP Collaboration), Phys. Rev. Lett. 126,
191802 (2021).

[16] M. W. Goodman and E. Witten, Phys. Rev. D 31, 3059
(1985).

[17] S. Weinberg, The Quantum Theory of Fields. Vol. 2: Modern
Applications (Cambridge University Press, Cambridge,
England, 2013).

[18] L. Ubaldi, Phys. Rev. D 81, 025011 (2010).

[19] K. Blum, R. T. D’Agnolo, M. Lisanti, and B. R. Safdi, Phys.
Lett. B 737, 30 (2014).

[20] J.E. Moody and F. Wilczek, Phys. Rev. D 30, 130
(1984).

[21] C. Hagmann, AIP Conf. Proc. 478, 460 (1999); in American
Physical Society (APS) Meeting of the Division of Particles
and Fields (DPF 99) (University of California, Los Angeles,
CA, 1999).

[22] M. Fukugita and T. Yanagida, Physics of Neutrinos and
Applications to Astrophysics, Theoretical and Mathematical
Physics (Springer-Verlag, Berlin, Germany, 2003).

[23] R. Opher, Astron. Astrophys. 37, 135 (1974), https://adsabs
.harvard.edu/full/1974A%26A....37..1350.

[24] L. Stodolsky, Phys. Rev. Lett. 34, 110 (1975); 34, 508(E)
(1975).

[25] R.R. Lewis, Phys. Rev. D 21, 663 (1980).

095030-12


https://doi.org/10.1103/PhysRevLett.40.223
https://doi.org/10.1103/PhysRevLett.40.279
https://doi.org/10.1103/PhysRevLett.38.1440
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90637-8
https://doi.org/10.1016/0370-2693(83)90638-X
https://doi.org/10.1016/0370-2693(83)90639-1
https://doi.org/10.1016/0003-4916(80)90325-5
https://doi.org/10.1103/PhysRevLett.53.535
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevD.98.030001
https://doi.org/10.1103/PhysRevLett.104.041301
https://doi.org/10.1103/PhysRevLett.104.041301
https://doi.org/10.1103/PhysRevX.4.021030
https://doi.org/10.1103/PhysRevLett.118.091801
https://doi.org/10.1103/PhysRevLett.118.091801
https://doi.org/10.1016/j.dark.2017.09.010
https://doi.org/10.1016/j.dark.2017.09.010
https://doi.org/10.1103/PhysRevD.97.092001
https://doi.org/10.1103/PhysRevD.97.092001
https://doi.org/10.1103/PhysRevLett.126.191802
https://doi.org/10.1103/PhysRevLett.126.191802
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1103/PhysRevD.31.3059
https://doi.org/10.1103/PhysRevD.81.025011
https://doi.org/10.1016/j.physletb.2014.07.059
https://doi.org/10.1016/j.physletb.2014.07.059
https://doi.org/10.1103/PhysRevD.30.130
https://doi.org/10.1103/PhysRevD.30.130
https://doi.org/10.1063/1.59428
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://adsabs.harvard.edu/full/1974A%26A....37..135O
https://doi.org/10.1103/PhysRevLett.34.110
https://doi.org/10.1103/PhysRevLett.34.508
https://doi.org/10.1103/PhysRevLett.34.508
https://doi.org/10.1103/PhysRevD.21.663

DETECTION OF QCD AXION DARK MATTER BY COHERENT ...

PHYS. REV. D 105, 095030 (2022)

[26] P. Langacker, J. P. Leveille, and J. Sheiman, Phys. Rev. D
27, 1228 (1983).

[27] N. Cabibbo and L. Maiani, Phys. Lett. 114B, 115 (1982).

[28] P. W. Graham, D. E. Kaplan, J. Mardon, S. Rajendran, and
W. A. Terrano, Phys. Rev. D 93, 075029 (2016).

[29] S. Basu, W.J. Chaplim, Y. Elsworth, R. New, and A. M.
Serenelli, Astrophys. J. 699, 1403 (2009).

[30] P. Sikivie, Phys. Rev. Lett. 51, 1415 (1983); 52, 695(E)
(1984).

[31] H. Fukuda, S. Matsumoto, and T. T. Yanagida, Phys. Lett. B
789, 220 (2019).

[32] P. Pani, Phys. Rev. D 92, 123530 (2015).

[33] M. L. Goldberger and S. B. Treiman, Phys. Rev. 111, 354
(1958).

[34] A. Abdel-Rehim, C. Alexandrou, M. Constantinou, K.
Hadjiyiannakou, K. Jansen, C. Kallidonis, G. Koutsou,
and A. Vaquero Aviles-Casco (ETM Collaboration), Phys.
Rev. Lett. 116, 252001 (2016).

[35] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979); M. A. Shifman,
A. I Vainshtein, and V. 1. Zakharov, Nucl. Phys. B166, 493
(1980).

[36] A. Hook and J. Huang, J. High Energy Phys. 06 (2018)
036.

[37] J.J. Sakurai and J. Napolitano, Modern Quantum Mechan-
ics, Quantum physics, quantum information and quantum
computation (Cambridge University Press, 2020).

[38] B. A. Lippmann and J. Schwinger, Phys. Rev. 79, 469
(1950).

095030-13


https://doi.org/10.1103/PhysRevD.27.1228
https://doi.org/10.1103/PhysRevD.27.1228
https://doi.org/10.1016/0370-2693(82)90127-7
https://doi.org/10.1103/PhysRevD.93.075029
https://doi.org/10.1088/0004-637X/699/2/1403
https://doi.org/10.1103/PhysRevLett.51.1415
https://doi.org/10.1103/PhysRevLett.52.695.2
https://doi.org/10.1103/PhysRevLett.52.695.2
https://doi.org/10.1016/j.physletb.2018.12.038
https://doi.org/10.1016/j.physletb.2018.12.038
https://doi.org/10.1103/PhysRevD.92.123530
https://doi.org/10.1103/PhysRev.111.354
https://doi.org/10.1103/PhysRev.111.354
https://doi.org/10.1103/PhysRevLett.116.252001
https://doi.org/10.1103/PhysRevLett.116.252001
https://doi.org/10.1103/PhysRevLett.43.103
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1016/0550-3213(80)90209-6
https://doi.org/10.1007/JHEP06(2018)036
https://doi.org/10.1007/JHEP06(2018)036
https://doi.org/10.1103/PhysRev.79.469
https://doi.org/10.1103/PhysRev.79.469



