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Background-enhanced axion force by axion dark matter
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We investigate the influence of axion dark matter as a background on the spin-independent axion forces

between nucleons. Notably, we find that the potential for axion forces scales from 1/ in a vacuum-only

context to 1/r when the background effect is considered. Also, the magnitude of the axion force is

substantially amplified in proportion to the number density of axion DM particles. These enhancements

significantly improve the constraints on the axion decay constant by several orders of magnitude, across a

broad range of axion masses, based on the fifth-force experiments such as the Casimirless and torsion

balance tests. This suggests that such experiments are more effective than previously understood in

detecting axions.
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Introduction. Since its proposal as a solution to the strong
CP problem [1-8], the axion has drawn considerable
interest from both theoretical and experimental sides. In
addition, axions also arise in string theory [9]. One typical
observable signature is that axions can mediate new forces
between ordinary matter, making fifth-force searches a
potential probe for axions. More specifically, axions are
considered to mediate spin-dependent forces [10-12] due
to their pseudoscalar nature. However, such forces vanish at
the tree level between unpolarized macroscopic objects.
The leading nonvanishing spin-independent force mediated
by axions arises from the exchange of an axion pair at one
loop [13,14]. Detailed calculations in previous studies
[13,14] have shown that in the massless limit for axions
when the shift symmetry is respected, the potential scales as
1/7°. Recently, it has been pointed out [15] that due to
the breakdown of axion shift symmetry, the scaling of the
potential is modified to be 1/73, which greatly increases the
sensitivity of searching for axion forces.

On the other hand, it is known that axions can serve as
good dark matter (DM) candidate [16—18]. This motivates
us to investigate how the axion-mediated forces are affected
in the presence of axion DM as background. A similar
effect has been studied in the context of neutrino forces in
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the presence of cosmic neutrino background [19-21], and
has recently been extended to various neutrino back-
grounds [22-25] as well as dark forces induced by the
exchanging light dark sector particles [26,27]. An inspiring
interpretation of the background-related force was intro-
duced in [27], termed as the “wake force,” offering insights
from both classical and quantum perspectives. The pres-
ence of a background field can drastically modify physical
processes through medium-induced effects. For instance,
the anomalous magnetic moment of standard model par-
ticles receives a large correction from a DM background
field' [29-31]. This is basically because when doing a loop
integral, the number density of background particles enters,
which can dominate over the vacuum counterpart.2
Consequently, axion-mediated forces are especially vulner-
able to the background correction, since there is no tree-
level diagrams involved. See also other types of DM
background effects [32-38].

To reiterate, when the number density of background
particles becomes sufficiently large, zero-temperature field
theory is no longer valid. The axion DM mass is in general
very light, ranging from 10722 eV to O(1) eV (see, e.g.,
Refs. [39,40]), implying that the number density of axion
DM is enormously large with the DM energy density
known to be ~0.4 GeV/cm?. The axion propagator must

'A classical description is proposed in [28], drawing an
analogy to the ponderomotive force in optics. The author argues
that the effect becomes significant only when the DM mass
exceeds the characteristic frequency @, of the g — 2 experimental.

2By cutting one of the internal lines, the corresponding
propagator is on-shell, so the process can be interpreted as a
tree-level interaction within the background medium [27].
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be modified with such a background present. In the
vacuum-to-vacuum case, the exception value of the normal
ordered product of annihilation and creation operators is a
delta function, (0|a,a;|0) = (27)35*(p — k). However, for
an axion emitted from a background axion “sea” |n),
propagating a distance, and then reabsorbed into the
background, the expectation becomes

(nlayazn) = (22)*8 (p — k) (k). (1)

Here, n(k) denotes the phase-space distribution of the
axion DM background, and integrating n(k) over the phase
gives its number density. This modifies the axion propa-
gator to be [26,29,41]

i

D(k) = —5—5——
(k) k> —m2 + ie

+ 2zn(k)s(k* —m2), (2

which is the same as the scalar boson propagator in the real-
time formalism of thermal field theory [42,43]. In this
work, however, we do not restrict n(k) to be Bose-Einstein
distribution but instead allow for a more general form that
describes the distribution of axion DM.

In this paper, we show that the background effect
changes the scaling of the potential for the axion force
from 1/7° to 1/r. Also, the magnitude of the potential is
greatly enhanced, which becomes proportional to the
number density of axion DM particles. Consequently, for
a wide range of axion mass, the constraints on the axion
parameter cg;/f are improved by several orders of
magnitude based on the fifth-force experiments, such as
the Casimirless [44,45] and torsion balance tests [46-56].

Axion force enhanced in axion DM background. In this
part, we introduce the general formalism to calculate axion
force in the presence of axion DM background. The
Lagrangian describing couplings of axions to nucleons,
expanded to the linear order of the axion decay constant
f1, is given by’ [15,57,58]

1 d,a _
(0a)? — =m2a® + gy = Ny*ysN. (3)

(1) —
£ 2 2f

1
2

N = p, n represents either proton or neutron, each with a
different coupling to axions,

’In general, the axion can also have effective couplings to
photons, aF'F, and to leptons, ¢*aZ’y,ys¢. In principle, they can
also lead to complementary constraints and further restrict the
parameter space shown in Fig. 2. However, as we will see later,
these couplings do not contribute to the spin-independent axion-
mediated force directly, and therefore we neglect these terms in
the Lagrangian.

9pn = gO(Cu +cq+ 2CGG)

mg—m,
<Cu — Cy + 2C00m>. (4)

+ ga 1— T%
Here, 7 = m2/m3, while the parameters ¢, 4 and cg¢ are
the coupling of axions with quarks and gluons in UV theory
with coefficients gy = 0.440(44) and g, = 1.254(16)(30)
[57,59]. Equation (3) preserves the axion shift symmetry
except for the axion mass term. The shift symmetry—
breaking effect will be reflected in higher orders. At the
quadratic order of f~2, the shift symmetry—breaking axion-
nucleon interactions can be described by the dimension-six
operators [15,58,60]

2

a“c _
5(2) :CN](_‘ZNN’ (5)
with
mz4cgg(1 =7, + (e = ca)’7a
N=TaTn (1-1,) - ©

where ¢; = —1.26(14) GeV~! [61]. For axion mass
m, L m,, 7,~0 and the quadratic coupling reduces
to cy = —2¢im2cks.t

For the convenience of later calculations, we rewrite
Eq. (3) in the nonderivative basis by making a chiral

. alx)

rotation N — Ne'V2"5, which then can be Taylor
expanded in terms of a/f. Collecting all axion-nucleon
couplings up to the quadratic order, we have

a- , a* a’ _ 7
?NySN—i—mNgNz—szN—’—CNFNN ( )

Next, we briefly summarize the steps to calculate the
spin-independent axion force between two fermions N; and
N, by exchanging an axion pair. The force can be viewed as
one fermion scattered off the static potential generated by
another fermion. According to Born approximation, the
potential in phase space, V(q), is related to the scattering
amplitude via iM = —iV(q)2m,8,y2m,5,, in the non-
relativistic limit, where g denotes the momentum transfer.
Then, the potential in position space can be obtained by the
Fourier transformation,

Line = —imygy

Vo) = [ Shke i), Q

All five types of diagrams depicting the exchange of an
axion pair between two fermions N; and N,, which

“Note that cy is positive for the axion case. For negative
values of cy, screening effects may arise once the nuclear
density is high [27].
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FIG. 1. Feynman diagrams that contribute to the potential by
exchanging an axion pair. The wavy lines represent the axion DM
background. The background enhancement effect can be ob-
tained by substituting one of the axion propagators with the
propagator in Eq. (2).

contribute to the axion force, are listed in Fig. 1. The three-
point vertex represents the linear coupling —imygy/f, as
shown in the first term of Eq. (7). There are two types of
four-point vertices, mygs /2f* and cyga/f?, correspond-
ing to the second and the third terms in Eq. (7), respectively.
We call the second term the shift symmetry—invariant (SI)
operator, and the third term the shift symmetry—breaking
(SB) operator. One should not be confused by the termi-
nology. The first two terms in Eq. (7) are the leading two
orders in the Taylor expansion, which roots in the partial-
derivative coupling term in Eq. (3) that respects the axion
shift symmetry. On the other hand, the third term arises due
to the shift symmetry—breaking effect, as shown in Eq. (5).

Due to the presence of two different four-point vertices,
the five types of diagrams in Fig. 1 can be treated as
representing ten diagrams in total. Before we investigate the
effect from the axion DM background, we first briefly
review the result in the vacuum case, as discussed in
Ref. [15]. In the limit r < 1/m,, the dominant contribution
is from the diagram (e) in Fig. 1 with the two four-point
vertices being the SB type, which makes the potential V (r)
scales as 1/r3. The other nine diagrams cancel out with
each other at the level of 1/7° and only contribute a 1/7°
correction.

However, as we are going to see below, the inclusion of
axion DM background will greatly enhance the axion
forces. When calculating the matrix elements of the
diagrams in Fig. 1, the axion propagators should be
replaced with the background-modified one, Eq. (2). In
each diagram, when the two axion propagators both take
the background term [i.e., the latter term in Eq. (2)], the
matrix elements vanish since the two Dirac delta functions,
or equivalently the on-shell conditions, cannot be satisfied
simultaneously. Therefore, the background contribution
arises only from the cross-term, where one axion propa-
gator is virtual while the other is on-shell from the axion
DM background. Below, we show the results of V(g) from
different diagrams. The diagrams with only the SI operator
involved give that

Ville) = Vila) = -5 Vi(9) = -5 Vio(a)
| my, My, 9y, 9,
— 2 1 F
2 VeO (q) 4f4 (q)v (9)

where

3 n
F(q) E/%%)A(’aq%

1 1

k,q)= .
Alk.q) —q2+2k-q+—q2—2k~q

(10)

We can see the explicit cancellation among these five
diagrams. This is not a surprise, since the contribution from
the SI term is expected to be suppressed. Now, we consider
the diagrams with the SB operator involved. We have five
such diagrams in (¢), (d), and (e) types, which contribute as

2
& & My, 9N, €N
V§?<q) - _VE{S(q) == 12 I_QZF(q)’
foor
2
~ ~ mN gN CN
Vi) =-V¥ () =-——F—>—73Fl9),
foor
- cy. C
VSB(q) =232 F(q). (11)

2

Here, (c1) and (d1) are the two triangle diagrams with the
four-point vertex being the SB type, while (el) and (e2)
are the bubble diagram with one vertex being the SI type
and the other being the SB type. It is straightforward to
see that (c1) and (d1) cancel with (el) and (e2). As a
result, the only contribution to the potential comes from
the bubble diagram with the two four-point vertices both
being the SB type, (e3). We comment that the result
obtained from the Feynman diagram calculations above
corresponds to the leading-order contribution in the
nonrelativistic expansion, and the prefactor of F(q) is
independent of DM momentum k. This leads to a robust
cancellation between diagrams, regardless of the form of
the DM distribution n(k). Subleading corrections, which
are suppressed by powers of the DM momentum, are
neglected in our analysis. A more detailed derivation of
the above expressions is provided in Supplemental
Material [62].

Next, we evaluate the integral over k that occurs in the
above expressions. We note that the integral is weighted by
the phase-space distribution n(k). This means that the
dominant contribution to the integral arises from |k| around
the typical value of the momentum of the background DM,
which is approximately 1073 times its mass and is much
smaller than the nucleon mass, |k|~ 1073m, < my. By
taking this limit and also the transfer momentum g < my,
the expression for the loop integral is greatly simplified.
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Assuming an isotropic distribution n(k) of DM back-
ground,5 we can integrate out the angular part of k. Fourier
transforming back to the position space, we eventually get
the following expression of the background-enhanced
potential V(r) for the axion force:

V() = o5 [ alky ik ')sm<2|k|> (12)

4f4773 r2

To better understand the physical effects of the axion
DM background on the axion force, we can further assume
that DM has a top-hat distribution in a narrow momentum
range S|k| centered around the typical DM momentum,
k| ~ 1073m,,. Then, using the DM number density npy; or
the DM energy density ppy, we directly obtain

npm 2”2/)DM
k = 13
k) = kol ey ~ WPelkim, )

Assuming the de Broglie wavelength of the DM much
larger than the typical distance between two nucleons,
1/|k| > r, the potential for exchanging an axion pair can
be simply written as

—CN,CN, PoMm |
V(r) = o mlr (14)
This tells us that in the presence of the axion DM back-
ground, the scaling of the potential is enhanced to be 1/r.
Another important feature is that the magnitude of V(r) is
significantly enhanced by the large occupation number of
axion DM particles. With the axion mass m, decreasing,
such enhancement becomes increasingly pronounced.
QCD axions typically satisfy a fixed m, — f relation,
maf* ~ Noep- However, certain QCD axion models (e.g.,
Refs. [63-68]) exhibit modified m,-f relations, toward the
direction of reducing m,. Consequently, m, and f span a
broad parameter space that remains to be fully explored.
Note that this background enhancement effect is valid
only within the range of the DM de Broglie wavelength.
For distances larger than this wavelength,
approximation of the correlated DM background gradually
breaks down. As a result, the sin function in Eq. (12) begins
to oscillate, leading to a damped oscillation of the back-
ground-enhanced force.

Fifth-force constraints. Various experiments searching for
the fifth force by measuring the attractive force between

>The momentum distribution of the axion background in the
Earth’s frame is anisotropic, leading to an angular dependence in
the background-enhanced axion force. However, when the force
range is smaller than the de Broglie wavelength, such anisotro-
pies lead to only subdominant corrections. In this regime, the
assumption of an isotropic distribution provides a good approxi-
mation.

two dense objects can be applied here to constrain
the background-enhanced axion force. One example is the
IUPUI experiment [44,45], which aims at searching the so-
called Casimirless (CL) force. It measures the force differ-
ence between a spherical test mass and a plate made of two
materials, Au and Si. The test mass is made of sapphire with
radius R = 149.3 + 0.2 pm, and the plate has a thickness
D = 2.1 pm. For the plate placed at a distance of # from the
sphere, the force difference can be calculated as

2R+
AF(£)=22C,(Cy,~ Cs)) / dz,[R? ~ (2, - R~£)?]

x— dzb/ rdrV

where we used the approximation that the plate is large
enough to be treated as infinite. V(r) is the potential for
axion force, as shown in Eq. (14). The prefactor Cy takes
different values depending on the materials of the sphere and
plate,

VPG, (19)

CX EAXp_X9 (16)
my

with py the density, my the mean mass of the atom, and Ay
the total nucleon number of the material, respectively. The
values of these parameters can be found in Ref. [69].

In addition, the background-enhanced axion force can
lead to a significant violation of the equivalence principle
(EP). Here, we adopt the result of the E6t-Wash experiment
[46] for testing the EP at meter-scale distances. This
experiment consists of a torsion balance with Cu and Pb
test bodies and a 3 ton depleted uranium attractor rotating
around it. The axion force shown in Eq. (14) would lead to
different accelerations of the test bodies made of Cu and Pb
toward the attractor,

oo ()6, o

Here, (A/u); is the nucleon number per atomic mass unit u
and ¢ is the gravitational acceleration toward the attractor.
a is defined as

_ CN pom 1 CGG4C mzppu 1 (18)
Taf*m: G2 f* o md Gut’

where G is the gravitational constant. For other EP tests
[49,50,52,53,56] where the Earth serves as the attractor, to
account for the total effect, we need to integrate over the
volume of the entire Earth. This presents two key chal-
lenges. First, when the de Broglie wavelength is smaller
than the separation between the attractor and test bodies,
integrating the highly oscillatory term in calculating the
background-enhanced potential is more complicated.

L111701-4
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FIG. 2. The constraints on the axion parameter ¢/ f from the
CL experiment [44,45] and Eot-Wash experiment [46] are shown
as blue and red solid lines, where the background effect has been
considered. In comparison, we also show the constraints where
only the vacuum contribution is considered [15], denoted as the
dash-dotted lines. The gray shaded region is excluded by existing
terrestrial experiments, including the optical clock Yb™ [70-72],
the optical cavity Sr/Si [73] and the Cs/cavity [74], the
atomic spectroscopy Dy /Dy [75] and Rb/quartz [76], and the
laser interferometer LIGO [77], as summarized in [58]. The
constraints from supernova and neutron star cooling [78-80],
white dwarfs [81], and gravitational waves [82,83] are shown as
gray dashed lines. The dash-dotted line corresponds to the QCD
axion. The enhancement may not be valid in the region depicted
as dashed extension lines attached to the solid lines, where the
DM de Broglie wavelength starts to become shorter than the
separation between the test and source masses in the experiments.

Second, local topographic features around the experiment
must be carefully considered. However, these issues are
beyond the primary scope of this paper. A comprehensive
study of these points, as well as the possible uncorrelated
effects on the background-enhanced axion force at large
distances, is left for future work.

Based on these experiments, we can finally set con-
straints on the axion parameter ¢/ f, and the results are
shown as solid lines in Fig. 2. For comparison, the
constraints by considering only the vacuum contribution
to the force are shown in dash-dotted lines. The blue lines
are for the CL experiment, while the red lines are for the
torsion balance inverse-square law tests. As we can see,
with the background effect included, the constraints are
several orders of magnitude more stringent than in the
vacuum-only case. Additionally, as the axion mass
decreases, the constraints become increasingly stringent,
scaling as my'%. The enhancement of constraints comes
from two facts. First, the background effect modifies the
scaling of the potential from 1/7 to 1/r. Second, the effect
is proportional to the number density of axion DM and is
inversely proportional to the axion mass. The dashed
extension lines attached to the solid lines represent the
parameter region where the DM de Broglie wavelength is

comparable with the separation between the test and source
masses in the two experiments.

As m, increases, the de Broglie wavelength becomes
correspondingly shorter than the typical scale of the
experiment. Consequently, the constraints are expected
to smoothly revert to the vacuum case. It is also useful
to distinguish between the classical-wave and particle
regimes of DM. For m, <10 eV, the large occupation
number in phase space allows DM to be described as a
classical field. For m, = 10 eV, this approximation breaks
down and DM behaves as a collection of particles [84].6

Discussion and conclusion. In this work, we have inves-
tigated the impact of the axion DM background on the
spin-independent axion forces between nucleons. This is
particularly important for the axion case, as the back-
ground effect modifies only the loop-level results, and the
spin-independent axion forces themselves are loop-level
phenomena. By systematically calculating the relevant
Feynman diagrams, we have demonstrated that the axion
force is significantly amplified in proportion to the
number density of axion DM particles. Furthermore,
the scaling of the potential for this force is modified
from 1/73, as in the vacuum-only case, to 1/r for distance
r smaller than the DM de Broglie wavelength.
Consequently, across a broad range of axion masses,
constraints on the axion parameter c;g/f have been
significantly enhanced by existing results from fifth-force
experiments, including Casimirless and torsion balance
tests. This underscores the fact that these types of
experiments are more effective than previously believed
in searching for the hypothetical particle, the axion. We
also note here that the quartic operator shown in Eq. (5)
can induce a tachyonic axion mass in environments with
high baryon density. Consequently, the corresponding
coupling is strongly constrained by the existence of
neutron stars [80] and by the observed stellar configura-
tions of white dwarfs [81]. The bounds from fifth-force
experiments cannot exceed these existing astrophysical
constraints.

An interesting future direction would involve investigat-
ing how the background effect diminishes when the typical
length scale of experiments approaches or exceeds the DM
de Broglie wavelength. Additionally, quantum sensors,
such as atomic interferometers [85,86], atomic clocks
[87,88], or emerging experimental proposals [89-91],
may provide further insights on testing the background
force of the axion. It should be noted that for simplicity, our
calculations assume an isotropic distribution of DM. A
more meticulous analysis may reveal daily and/or annual
modulations of the enhanced force.

®Even in the particle regime, the form of Eq. (14) is still valid
under time averaging based on Ref. [27], if the typical exper-
imental scale is larger than the de Broglie wavelength.
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Note added. Upon the completion of our manuscript, we
noted a paper [92] on the same topic is posted on
arXiv.
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