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Abstract

In this letter, we show that quantum gravity leads to lower and upper bounds on the masses
of dark matter candidates. These bounds depend on the spins of the dark matter candidates
and the nature of interactions in the dark matter sector. For example, for singlet scalar dark
matter, we find a mass range 10−3 eV . mφ . 107 eV. The lower bound comes from limits on
fifth force type interactions and the upper bound from the lifetime of the dark matter candidate.
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There is overwhelming evidence that most of the matter in our universe is dark and cannot be
described by the Standard Model of particle physics. The case for the existence of dark matter is
strong because it comes from astrophysical and cosmological observations made on different scales
and times in our universe. For example, the cosmic microwave background or galaxy rotation curves
involve very different physics and eras in the evolution of our universe but they both require that
about 75% of the matter content of the universe consists of cold, non-baryonic, dark matter.
From a theoretical point of view, very little is known of the nature of dark matter. We know that
there is no viable candidate in the Standard Model of particle physics. There are basically three
different approaches. The first approach consists in introducing a new particle stable enough over
the lifetime of the universe which couples at most extremely weakly to the photon so that it remains
dark enough. A typical example of such a particle would be a weakly interacting massive particle
(WIMP), see e.g. [1] for a review. The second one consists in modifying gravity see e.g. [2–5], but it
is difficult to construct a proper model and even when that is case, it has been argued [6] that this
approach is identical to the first one with the caveat that the new field is only coupled gravitationally
to the Standard Model particles. Finally, one could hope that some massive astrophysical compact
halo objects (MACHOs) such as primordial black holes [7] could explain the missing matter without
having to modify the Standard Model or General Relativity. Alas, this solution to the dark matter
problem, while beautifully simple and minimalistic as it does not require new physics beyond the
Standard Model or General Relativity, does not appear to be relevant to Nature, see e.g. [8].
If we accept that new physics is required to address the missing matter problem, we are faced
with a huge theoretical challenge as we have very little information about the nature of the dark
matter particle or particles. We do not know their spins, masses, self-interactions or couplings to the
Standard Model particles. Galaxy formation simulations seem to prefer cold, i.e. non-relativistic,
dark matter. The interactions of dark matter particles with that of Standard Model or dark matter
self-interactions must be weak see e.g. [9] for a review.
Fortunately, quantum gravity can provide some guidance on the allowed parameter range for a
given dark matter candidate. The reason for this is simple. In general, quantum gravitational effects
will lead to a decay of any dark matter candidate that is not protected by Lorentz invariance or a
gauge symmetry from decaying. Furthermore, gravity is universal, it will thus couple to all forms of
matter and it will create portals between the Standard Model and any hidden sector. While these
decays will be suppressed by powers of the Planck mass, they will still lead to an upper bound on
dark matter particles given the large age of our universe. Furthermore, if the dark matter particles
are light, the same quantum gravitational effects will lead to fifth force type interactions and these
interactions are bounded by limits coming from the Eöt-Wash experiment [10–18]. Finally, there is
a well known lower bound coming from quantum mechanics and more specifically the spin-statistics
theorem which applies to fermionic dark matter candidate. This last bound depends on the dark
matter profile. Putting all these bounds together, we obtain tight mass ranges for scalar, pseudoscalar, spin 1/2 and spin 2 dark matter particles which are gauge singlets. These bounds can be
relaxed if the fields describing these particles are gauged, we however note that there are fairly tight
constraints on the strength of the interactions in the dark matter sector. Finally, we argue that
spin-1 vector dark matter particles are less constrained by quantum gravity, because of the chiral
nature of the fermions in the Standard Model.
We consider local operators that are generated by non-perturbative quantum gravity effects (see
e.g. [19–27]):
cφ
φ Fµν F µν ,
(1)
O1 =
MP
1

where MP = 2.4 × 1018 GeV is the reduced Planck scale, φ is the scalar dark matter field, and Fµν
is the electromagnetic field tensor. We note that there are solid arguments showing that the Wilson
coefficient c1 is of order one [21].
The results from the Eöt-Wash torsion pendulum experiment that searches for fifth forces [10–18]
imply that mφ & 10−3 eV [19–21]. The same operator can lead to the decay of the dark matter
scalar [28, 29] with a decay width Γ ∼ m3φ /(4πMP2 ) and lead to an upper bound mφ . 107 eV from
the requirement that the dark matter candidate lives long enough to still be present in today’s
universe. Quantum gravity thus enables to restrict the mass of any singlet scalar particle to be in
the range:
10−3 eV . mφ . 107 eV,
(2)
independently of its potential non-gravitational couplings to Standard Model particles or selfinteractions. Note that these bounds would not apply to a gauged scalar field as only dimension
six operators would be generated by quantum gravity. In that case, one has mφ & 10−22 eV [21],
and the upper bound disappears 1 .
The same bound applies to the mass of a pseudo-scalar dark matter candidate, an axion like
particle, a if quantum gravity violates parity (and time reversal invariance) [21]
10−3 eV . ma . 107 eV.

(3)

On the other hand, if quantum gravity preserves parity, we have to consider the operator
Oa =

ca
a F̃µν F µν .
MP

(4)

For an axion-like-particle, we then find [21, 28]
10−21 eV . ma . 107 eV,

(5)

for parity conserving quantum gravity. The upper bound comes from the requirement that the
particle is long-lived in comparison to the age of the universe and the lower bound is derived from
magnetometry searches [21, 30].
For spin 1/2 fermions ψ, quantum gravity leads to an upper bound on the mass of the dark
matter candidate [28, 29, 31] as it could decay to the Standard Model fields, while a lower bound
comes from the Pauli exclusion principle. We consider the operator [28, 29]:
Oψ =

cψ
/
ψ̄ H̃ † DL,
MP

(6)

where H is the Higgs doublet of the Standard Model with H̃ = −iσ2 H ∗ . This operator implies
that the singlet right-handed fermion ψ can decay to an off-shell Z boson and a neutrino, the
Z boson then decays to two light fermions. Requiring that the fermion singlet lives long enough
to still be present today imposes an upper bound on its mass. One finds mψ < 1010 eV using
Γ = v 2 G2F m5ψ /(192π 3 MP2 ) where GF is the Fermi constant and v = 246 GeV the electroweak
vacuum expectation value.
Since fermions cannot be in the same state, only a limited amount of fermions can be present in
a galaxy with momenta below the escape velocity. Together with the assumption that the fermions
1 Note that some readers may be worried about the naturalness of very light scalars. We take an agnostic approach
and simply derive bounds from quantum gravity assuming that such light scalars exist.
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must account for the observed dark matter density in a typical galaxy this leads to a lower bound
on the mass of the fermions [32–34]. The bounds on the mass of the dark fermion are then given
by
102 eV . mψ . 1010 eV.
(7)
The lower bound holds for the Standard Model, but it can be relaxed by assuming multicomponent
dark matter [35].
We now consider a vector boson dark matter V µ . The well studied dimension four operator
µν
F Bµν , where F µν is the field strength of the hypercharge photon of the Standard Model and
Bµν that of the dark photon, while generated by quantum gravity, is expected to be exponentially
suppressed [21,29]. Within the Standard Model, the only dimension five gauge invariant operator is
given by cV,5 MP−1 V µ (ψ̄R iH̃ † γµ L) but after electroweak symmetry breaking, this simply accounts
for a shift of the photon field. The next operators are of mass dimension 6 cV,6 MP−2 Vµ (H † Dν H)F µν
µν
/
or MP−2 (ψ̄σµν H̃ † DL)B
. These operators lead to dimension five operators after electroweak symmetry breaking but there is a chiral suppression v/MP . The only useful dimension five operator
involves the production of a graviton hµν
OV =

cV
hµα F µν B να ,
MP

(8)

which enables the decay of a vector dark matter to a photon and a graviton. This operator exists
in the Standard Model with the vector boson replaced by a Z-boson [36]. It is straightforward to
estimate the decay width of the V boson, one finds Γ ∼ c2V m3V /MP2 and we can thus find an upper
bound on the mass of a vector dark matter particle from the requirement that it is still around in
today’s universe. We find mV < 107 eV. We can get a lower bound on its mass if we assume that
all of dark matter is described by a vector particle. As for a scalar field, see e.g. [37] for a recent
review, the requirement that the boson’s de Broglie wavelength does not exceed the dark matter
halo size of the smallest dwarf galaxies gives a lower bound on its mass mV > 10−22 eV. We thus
find
10−22 eV . mV . 107 eV.
(9)
Using the results developed in [20], it is straightforward to see that for a massive spin-2 field
dark matter field, one obtains similar bounds for its mass to that of a singlet scalar field dark matter
candidate:
10−3 eV . m2 . 107 eV.
(10)
In this letter, we have shown that a few very well motivated theoretical concepts based on
quantum gravity and the spin-statistics theorem enable to constrain the masses of low spin dark
matter candidates. Quantum gravity generates operators that will lead to a decay of all dark matter
candidates that are represented by fields that are not gauged or prevented by Lorentz invariance
from decaying to Standard Model particles. This lead to an upper bound on their masses. If these
dark matter candidates are bosons, they will mediate a fifth force and we can apply bounds from
the Eöt-Wash experiment which provide a lower bound on their masses. In the case of fermion dark
matter candidates, the lower bound comes from the spin-statistics theorem.
Our bounds are derived assuming the worst case scenario for quantum gravity, namely that it
has only one scale and that this scale is the traditional reduced Planck scale i.e. 2.4 × 1018 GeV. In
other words, we assumed that quantum gravity is as weak as possible. Our bounds become much
more stringent if the effective scale of quantum gravity is below 2.4 × 1018 GeV as it is the case
in models with large extra-dimensions where it could be in the TeV region or if there is another
3

infra-red cutoff that is below the reduced Planck mass as it is the case in some specific models of
quantum gravity see, e.g., [38–40].
We would like to stress that our bounds are orders of magnitude estimates. We argue that
because we are dealing with non-perturbative quantum gravity, the only relevant coupling constant
should be the Planck mass. It is however conceivable that there is a further suppression of some of
the Wilson coefficients which could involve coupling constants of the Standard Model. For example,
cφ could contain a factor g 2 /(4π) where g is the hyperfine coupling constant of the U (1) group of
the Standard Model or cψ could be proportional to the electron Yukawa coupling which is of the
order of 10−5 . Clearly, this would impact our bounds. Here, we made the strong assumption that
the dimension five operators are of pure quantum gravitational origin.
Finally, as explained already, we emphasize that these bounds will not apply to hidden sector
fields that are gauged under some gauge symmetry whether this is a continuous or discrete gauge
symmetry [41, 42]. For gauged fields, dimension 5 operators will not be generated directly, one
would expect dimension 6 or higher operators. For a gauged scalar field Φ for example, one has
MP−2 Φ·Φ Fµν F µν in which case we can only exclude masses mΦ . 10−22 eV. Dimension 5 operators,
if they exist, would have a further suppression if they are generated from a higher dimensional
operators. For example, if Φ has some none-vanishing expectation value vΦ in the TeV region, the
resulting dimension five operator vΦ MP−2 φ Fµν F µν would be suppressed by a factor vΦ /MP ∼ 10−16 .
A similar suppression would be generated in models with a discrete gauge symmetry. Such a
suppression would open up the allowed mass range for dark matter candidates. The situation is
similar for a complex scalar dark matter, see e.g. [43], which carries a charge: quantum gravity
would form operators of the type MP−2 φ? φ OSM (where OSM are operators build with fields of the
Standard Model) which would be at least of dimension 6, if the complex scalar field is gauged. If
it is a discrete or global symmetry, one would expect that quantum gravity breaks this symmetry.
One would then obtain operators of the type MP−1 φ OSM and our bounds would apply. This is
particularly important in the case of WIMPs, which are largely excluded by our bounds, if the
WIMP is a gauge singlet. Our bounds can be avoided if one gauges WIMPs. Clearly the origin of
the dimension five operators that we have discussed in this letter is model dependent and one needs
to verify on the case-by-case whether such operators will be generated in a specific dark matter
model.
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