
This is the accepted manuscript made available via CHORUS. The article has been
published as:

Dark matter repulsion could thwart direct detection
Hooman Davoudiasl

Phys. Rev. D 96, 095019 — Published 20 November 2017
DOI: 10.1103/PhysRevD.96.095019

http://dx.doi.org/10.1103/PhysRevD.96.095019


Dark matter repulsion could thwart direct detection
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We consider a feeble repulsive interaction between ordinary matter and dark matter, with a range
similar to or larger than the size of the Earth. Dark matter can thus be repelled from the Earth,
leading to null results in direct detection experiments, regardless of the strength of the short-distance
interactions of dark matter with atoms. Generically, such a repulsive force would not allow trapping
of dark matter inside astronomical bodies. In this scenario, accelerator-based experiments may
furnish the only robust signals of asymmetric dark matter models, which typically lack indirect
signals from self-annihilation. Some of the variants of our hypothesis are also briefly discussed.

The evidence for cosmic dark matter (DM) has been
growing over the last several decades. Observations based
on the gravitational effects of DM have determined that
it constitutes about 27% of the energy budget in the Uni-
verse [1]. However, so far, all attempts to discover DM
through its possible non-gravitational interactions have
failed. In particular, direct detection experiments that
rely on the recoil of the target atomic nuclei or electrons
from ambient DM have not found any indisputable sig-
nals [2, 3]. At the same time, signals of DM annihila-
tion in space have not been established [4, 5]. Neither,
are there any signals of DM annihilation from a trapped
population inside the Sun [6] or the Earth [7].

One may potentially explain the lack of annihilation
signals in the case of asymmetric DM [8], where a con-
served charge does not allow such processes (for reviews
of this subject see, e.g., Refs. [9–11]). However, some
level of interaction between the constituents of ordinary
atoms and DM particles is generally assumed for their
early Universe production. Hence, signals in direct de-
tection experiments can be expected to be potentially
accessible.

In this work, we propose a scenario that could make
it unlikely to detect DM directly in nuclear or electron
recoil experiments. Our basic point is that if there is a
long range repulsive interaction between ordinary mat-
ter - baryons or electrons - and DM, the latter can be
repelled from the Earth and other sufficiently large astro-
nomical bodies. Hence, terrestrial experiments would not
be able to detect the recoil signal from ambient Galactic
DM (Refs. [12, 13] considered expulsion of DM from the
Galactic disk due to a tiny DM electric charge, also lead-
ing to null direct detection results. See also Ref. [14] for
a different mechanism to shield detectors from the DM
wind, based on self-interacting DM.). In our scenario,
it is also unlikely that any significant population of DM
particles could be captured by stars or planets, eliminat-
ing further potential signals of DM. If DM abundance is
set by an asymmetry, it is generally expected that there
would be no annihilation signals after the early Universe
production era. In this case, accelerator experiments that
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look for dark sector particles may provide the only feasi-
ble access to DM and its associated states (The possibil-
ity of new long range forces was introduced in Ref. [15].
A review of the subject is presented in Ref. [16]. For
other preceding work considering possible effects of long
range DM interactions, see for example Refs. [17–29]).
Let us assume that there is a force mediated by a light

boson X that couples to both atoms and DM. We will
assume that this force is repulsive and has a long but
finite range. For the purposes of this work we will assume,
unless otherwise specified, that the mediator mass mX ∼
10−14 eV corresponding to a range of ∼ 3R⊕ ∼ 2 ×
104 km, where R⊕ ≈ 6.4 × 103 km is the radius of the
Earth. One can assume larger ranges, corresponding to
smaller mX . In any event, we will not consider ranges
much larger than the size of the Solar system, in order
to avoid possible conflict with large scale observations.
A new force with the above range that interacts with

ordinary matter is constrained to have a tiny coupling
gom <

∼ 10−24 [30]. However, the corresponding coupling
to DM is not constrained at the same level and we choose
gdm ∼ 10−5 as a reference value, which is allowed by all
known constraints on DM at scales of interest, as dis-
cussed below. Let us then estimate the potential Φ gen-
erated by all matter in the Earth. The Earth contains
N⊕ ∼ 1051 nucleons. We will not, at this point, specify
how X couples to atoms, but it could be through baryons
or electrons. In either case, the above number gives the
correct order of magnitude. Assuming a repulsive force,
we have

Φ(r) ∼ gomN⊕

e−mXr

4π r
, (1)

where r is the distance to the center of the Earth. Hence,
a DM particle would have potential energy

V (r) ∼ gdmΦ(r) (2)

at a distance r from the center of the Earth. Since we are
assuming mX

<
∼ R−1

⊕ , close to the Earth the DM particle
will have positive potential energy

V (R⊕) ∼ MeV

(

N⊕

1051

)

( gom
10−25

)( gdm
10−5

)

. (3)

The virial velocity of DM in our Galactic neighborhood
is vG ∼ 10−3. Hence, the kinetic energy of DM of mass



mdm is given by

Ekin ∼
1

2
mdmv2G ∼ 500 eV

(mdm

GeV

)

. (4)

For our reference parameters, we find that Ekin ≪
V (R⊕). Hence a typical DM particle traveling toward
the Earth could be repelled back in our scenario, unless
it is quite massive.
We can estimate how massive a DM particle needs to

be before it has sufficient kinetic energy to reach the
Earth in spite of our assumed repulsive force. To do
so, we need to have an upper bound on gdm, which we
will discuss next.
For a sufficiently long range force, as we have assumed,

the cross section can be estimated by [31]

σdm ∼
g4dm
v2dmq2

, (5)

where vdm is the typical velocity and q ∼ mdmvdm is
the typical magnitude of DM momentum in the relevant
system.
The self interactions of DM can be constrained from

collisions of galaxy clusters, leading to a bound on the
corresponding cross section σdm/mdm

<
∼ 1 cm2/g [32].

Ref. [33] considered a conservative bound of

σdm/mdm
<
∼ 0.1 cm2/g , (6)

from the observations of dwarf galaxy halos. Given the
lower typical velocity of DM in such systems, this can
yield a more stringent bound on gdm. Assuming vdm ∼
10−4 as a typical value for the dwarf galaxies, we find
that the bound in Eq. (6) then roughly yields

gdm <
∼ 10−3

(mdm

GeV

)3/4

. (7)

More recently, Ref. [34] has considered constraints on
the a long range force acting on DM. They find that ob-
servations of “collapsed structures” - such as dwarf galax-
ies - place more stringent bounds on gdm than consid-
erations of “delayed kinetic decoupling” that could po-
tentially affect large scale structure. Their results sug-
gest that in the range of DM masses near the weak scale
gdm <

∼ 10−2 avoids conflict with astrophysical observa-
tions. We find that choosing gdm according to the rela-
tion in Eq. (7) is then quite consistent with all existing
bounds for values of mdm considered in our discussion.
Equation (4) suggests that even for mdm ∼ 400 TeV -

just above the unitarity limit for thermal relic DM [35] -
we have Ekin ∼ 200 MeV, while Eq. (3) yields V (R⊕) <∼
10 GeV for gdm ∼ 0.1, a value of DM coupling well within
the allowed parameter space for such large values of mdm

[34]. Hence, we conclude that for a broad class of particle
candidates, our scenario can provide efficient repulsion
of DM from the Earth, and hence null results in direct
detection experiments.

The above considerations suggest that the repulsion
mechanism we have proposed does not allow for the ac-
cumulation of DM inside the Earth. This is also the case
for stellar objects, in particular the Sun. Let us again
assume a range of order R⊕, corresponding to a fraction
O(10−6) of the Solar volume. Given that this is roughly
the ratio of the masses of the Earth and the Sun, the
volume will contain at least as much ordinary matter as
the whole Earth (taking into account the growing density
profile towards the center). Hence, once the DM particle
enters the Sun and gets within a distance of ∼ R⊕ of its
center, it would be repelled. The same conclusion will
also hold for white dwarfs and neutron stars, given their
solar level masses and much larger densities. Therefore,
we would not expect any major population of DM to
gather inside the Sun or other stellar objects. However,
in our scenario, DM can still be present in the Solar sys-
tem and its neighborhood (unlike the case corresponding
to the models in Refs. [12, 13]).

We will consider two classes of DM: (i) asymmetric and
(ii) thermal relic. If DM is asymmetric, it generically
carries a conserved charge and we do not expect indirect
annihilation signals. Because of the assumed repulsive
force, any other effects from accumulation within astro-
nomical bodies are also excluded, as discussed above. As
the repulsion mechanism will lead to null direct detection
results, the discovery of microscopic non-gravitational in-
teractions for asymmetric DM may only be possible at
accelerator based experiments [38, 39]. Given that asym-
metric DM may naturally be assumed to be light, with
mdm ∼ few GeV [8–11], those experiments will provide
well-suited probes in this case.

For asymmetric DM, one may assume that DM and
ordinary matter carry charges of the same sign under a
gauged long range U(1) whose carrier is identified as the
above X boson. For parameters as in Eq. (3), typical
of our scenario, assuming that the DM charge Qdm = 1,
one would get gdm = gom ∼ 10−5, however the charge
of ordinary matter must then be chosen to be extremely
tiny, Qom ∼ 10−20. For a U(1) force, charges are in
principle arbitrary, though such an extreme disparity of
charges under the same interaction would be puzzling.

Another possibility is to assume two different U(1) in-
teractions. For example, one can invoke a gauged B − L
number, with B and L baryon and lepton charges, respec-
tively. Here, we further assume that this interaction is
mediated by a massless gauge boson, which would be con-
sistent with gom ∼ 10−24 [36]. The other U(1) is assumed
to be mediated by the X boson of mass mX ∼ 10−14 eV,
coupled to DM with gdm ∼ 10−5. If the two U(1) gauge
fields can kinetically mix [37], with a mixing parameter
of ε ∼ 0.1, we will then achieve a scenario in which X is
coupled to baryons with a strength ε gom ∼ 10−25. With
unit charges for matter fields, the couplings relevant for
our scenario will then obtain. Here, N⊕ ∼ 1051 corre-
sponds to the number of neutrons in the Earth, as the
contributions of protons and electrons cancel out.

Perturbative loop mediated processes are not effective

2



in generating the necessary ε in the preceding discussion
due to the tiny values of the gauge couplings, unless an
enormous number of charged states are considered. How-
ever, one could in principle entertain the possibility that
the required kinetic mixing descends from an interaction
of the form

S

MP

Fµν
B−LFX µν (8)

induced at the Planck scale MP, perhaps through non-
perturbative gravity effects. Here, S is a scalar whose
vacuum expectation value 〈S〉 <∼ MP generates the mix-
ing, and Fµν

B−L,X denote the field strength tensors of the

two U(1) gauge interactions. We will not further spec-
ulate on this possibility, but we note that the assumed
value of ε is stable against quantum corrections.
If the cosmic DM population is composed of particles

and anti-particles, as in the above case (ii) of thermal
relic DM, the U(1) model for X will generally not lead
to total repulsion. That is, either the particle or the
anti-particle DM will be attracted to ordinary matter,
instead of repelled. Thus, one may expect a separation
of DM particle and anti-particle fluxes over distances of
O(m−1

X ), which however still allows for direct detection
of one of the DM components. Here, to get total repul-
sion, one could consider X to be a scalar with Yukawa
couplings to matter and DM. We note that the scalar
X possibility can work for both asymmetric and thermal
relic DM.
Let us assume that X couples to nucleons N and

DM χ through gomXN̄N and gdmXχ̄χ, respectively. If
gomgdm < 0, the Yukawa interaction between a nucleon
and DM will be repulsive. Therefore, we will end up with
the same potential energy as in Eq. (2) and our repulsion
mechanism will be realized as outlined earlier. We note
that the Yuakwa interaction between two nucleons, or
two DM states, will be attractive and proportional to
g2om or g2dm, respectively (see Ref. [40] for a more general
discussion).
In this work, we are mainly motivated by phenomenol-

ogy and do not address theoretical questions related to
natural sizes of various parameters. In particular, the
stability of the small scalar mass mX ∼ 10−14 eV against
quantum corrections will not be discussed in any de-
tail. However, we note that given gdm ∼ 10−5, a cutoff
scale contribution of ∼ (16 π)−2g2dmΛ2 may imply Λ <

∼
10−8 eV. The success of our proposal requires coherent
scattering on length scales of O(R⊕), which corresponds
to momentum transfer q <

∼ R−1

⊕ , with R−1

⊕ ∼ 10−14 eV.
Hence, q ≪ Λ and, strictly speaking, our setup can be
viewed as a valid effective theory, cutoff at the scale Λ.
Additional observational implications: Here, we dis-

cuss potential signals of our scenario. The scenario that
we have introduced requires a new long range force act-
ing on ordinary matter. Hence, experiments searching
for such forces [30] would in principle be able to uncover
some of the underlying physics assumed in this work.
One could also consider the effect of the hypothetical

force on DM distribution and small scale structure. How-
ever, it is not clear that for the values of mX considered
here the presence of the long range force could be de-
tectable; this question is beyond the scope of our work.
In any event, variants of the above idea may lead to other
signals, as we will describe below.
Let us now consider a larger range for the hypothet-

ical force, comparable to or larger than the radius of
the Earth’s orbit around the Sun Reo ≈ 1.50 × 108 km,
corresponding to mX

<
∼ 10−18 eV. We roughly have

Reo/R⊕ ∼ 2 × 104, while M⊙/M⊕ ∼ 3 × 105, where
the mass of the Sun and the Earth are M⊙ ∼ 2× 1033 g
and M⊕ ∼ 6 × 1027 g, respectively. Therefore we ex-
pect the Sun to dominate the potential felt by DM near
the Earth. Given that the distance to the Sun has a
mild per cent level annual modulation, the energetics
of DM particles near the Earth will then have similar
modulations. In particular, if the long range force is
repulsive, but only leads to suppression of DM flux at
Earth - not total repulsion - one could expect a somewhat
smaller flux around perihelion Rp

eo ≈ 1.47×108 km (early
January) and a somewhat larger flux around aphelion
Ra

eo ≈ 1.52×108 km (early July) impinging on terrestrial
targets. (The Sun as the source of a long-range potential
in neutrino oscillation experiments has been considered,
for instance, in Refs. [41, 42]; the annual modulation of
this effect as a function of the Earth-Sun distance was
considered in Ref. [42].)
Assuming the long range limit (no Yukawa suppres-

sion), the variation of the potential will be given by

δV

V
= −

δr

r
(9)

and hence δV/V ∼1-2% can be expected. If the potential
has a Yukawa form and is exponentially sensitive to r, one
could in principle have larger variations

δV

V
≈ −mXδr. (10)

However, if mX ≫ 1/r the Solar contribution will
be severely suppressed compared to that of the Earth.
Hence, one can only expect O(1) enhancement of the
modulation compared to that in Eq. (9).
The above modulations will be in addition to those

expected from the DM “wind” caused the motion of the
Earth around the Sun, as the Solar system moves through
the Galactic halo [43, 44]. A more detailed examination
is required to ascertain whether and how the flux mod-
ulation in our scenario could affect the interpretation of
direct detection experiments that look for signal modu-
lation from the DM “wind” [45].
We now briefly consider the possibility that the long

range force could be attractive. Here, DM would be accel-
erated and its kinematic distribution around the Earth
would be pushed towards larger velocities. Depending
on the interaction range, this effect could be dominated
by the Earth or the Sun. The acceleration could poten-
tially help with detecting low mass DM by pushing a
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larger fraction of its population above the recoil energy
threshold in direct detection experiments. Again, if the
potential is sufficiently long range to be dominated by
the Sun, we would expect the effect on DM kinematics
to have annual modulations, corresponding to Earth-Sun
distance variations. Assuming the attractive force to gov-
ern the near-Earth DM kinematics, one expects a some-
what harder DM flux around perihelion, and a somewhat
softer one around aphelion.
To summarize, a repulsive force of a range comparable

to the Earth’s size, or a few orders of magnitude larger,
that couples to ordinary atoms and dark matter can repel
the latter away from the Earth. This could lead to null
results for direct detection experiments, independently of
the strength of the microscopic interactions of dark mat-
ter particles with atoms. We noted that the repulsion
will exclude accumulation of dark matter inside astro-
nomical bodies, leading to further paucity of signals in
this scenario. In the case of asymmetric dark matter,
the lack of indirect annihilation signals due to charge

conservation will typically limit detection prospects to
accelerator based experiments. Discovery of long range
forces acting on ordinary matter will lend support to our
hypothesis. Also, if the force has sufficiently long range,
the Sun could dominate the potential felt by dark mat-
ter near the Earth. In this case, annual modulations of
dark matter kinematics, correlated with the Earth-Sun
distance, would be expected and could potentially pro-
vide another handle on this scenario.
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