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Abstract

In this essay we show that quantum gravity and the spin-statistics theorem have very interesting consequences for dark matter candidates. Quantum
gravity can lead to fifth force type interactions that lead to a lower bound on
the masses of bosonic candidates. In the case of fermions, the spin-statistics
theorem leads to a lower bound on fermion masses. For both bosonic and
fermionic dark matter candidates, quantum gravity leads to a decay of dark
matter particles. A comparison of their lifetime with the age of the universe
leads to an upper bound on their masses. For singlet scalar dark matter fields,
we find 10−3 eV . m . 107 eV.
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In this essay we make a very simple point. Quantum gravity will generically
generate portals between any hidden sector, including a dark matter sector in particular, and the visible sector of the universe described by the Standard Model of
particle physics. The specific nature of these portals depends on the spins of the
hidden sector particles, the symmetries of the particle physics sectors and those of
quantum gravity. In the case of a hidden sector consisting of singlet boson dark matter particles, the consequences can be quite dramatic as quantum gravity generates
operators mediating fifth force type interactions within the visible sector. There are
however tight bounds from the Eöt-Wash pendulum experiment [1–9] on long-range
new forces which leads to a lower bound on the mass of the dark matter particle.
The spin-statistics theorem leads to a similar bound for light fermion dark matter
particles [10–12]. In addition, quantum gravity will generate operators that lead to
a decay of the dark matter particle. The requirement that the dark matter decays
slowly enough to still be present in today’s universe leads to an upper bound on the
masses of dark matter particles.
To illustrate our point, we shall focus on singlet scalar fields and singlet Dirac
fermions, but our results can be trivially generalized to any spin and we shall simply
quote the results for other spins. It is easy to convince oneself that perturbative
quantum gravity only leads to operators of dimensions 8 and higher suppressed by
at least four powers of the reduced Planck mass MP = 2.435 × 1018 GeV. These
operators are thus irrelevant for low energy experiments or observations. On the
other hand, non-perturbative quantum gravity effects such as quantum black holes
or gravitational instantons can lead to operators of dimension four and higher which
have the potential of being much more important.
Everything couples to gravity as it is universal. Therefore, one can deduce that
non-perturbative quantum gravity effects should generate effective operators between
the hidden sector and the visible sector. These operators must be suppressed by
the scale of quantum gravity as such interactions must vanish in the limit where
MP → ∞, i.e. when gravity decouples. This implies that for operators of dimension
four, the suppression must be exponential exp (−MP /µ) where µ is some infra-red
scale. Furthermore, for dimension five and higher, the suppression factor is much
weaker, namely MP−n+4 where n ≥ 5 is the dimension of the operator. Classifying
these operators is easy, they can involve any of the fields of the Standard Model and
any of the fields of the hidden sector. They must respect gauge symmetries and diffeomorphism invariance of the models involved in our theory, but could violate any
global or discrete symmetry as long as they are not the reminiscence of a spontaneously broken gauge symmetry. Space-time symmetries such as Lorentz invariance
are generically expected to be preserved albeit there are some string theory vacua
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known to break Lorentz invariance spontaneously [13]. Discrete symmetries spacetime C, P and T symmetries could be individually violated by quantum gravity, but
the combination CP T must hold.
Let us first consider a singlet scalar field from the hidden sector. Using the
guiding principles highlighted above, we consider local operators that are generated
by non-perturbative quantum gravity effects (see e.g. [14–23]):
O1 =

cφ
φ Fµν F µν ,
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 of the Standard Model. The Wilson
coefficient cφ is expected to be of order unity. This operator is an example of a fifth
force type interaction mediated by the hidden sector field φ between the particles of
the Standard Model. The results from the Eöt-Wash torsion pendulum experiment
that searches for fifth forces imply that mφ & 10−3 eV [14–16].
The same operator induces the decay of the dark matter scalar [24, 25] with a
decay width Γ ∼ m3φ /(4πMP2 ). This leads 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 self-interactions. Note that these bounds would not apply to a gauged dark
matter scalar field as only dimension six operators would be generated by quantum
gravity. In that case, one has mφ & 10−22 eV [16], and the upper bound disappears.
For spin 1/2 fermions ψ, quantum gravity leads to an upper bound on the mass
of the dark matter candidate [17, 24–26] as it could decay to the Standard Model
fields, while a lower bound comes from the Pauli exclusion principle. We consider
the operator [17, 24, 25]:
cψ
/
ψ̄ H̃ † DL,
(3)
Oψ =
MP
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
3

GF is the Fermi constant and v = 246 GeV the electroweak vacuum expectation
value.
Because of the spin-statistics theorem, 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 must account for the observed dark matter density in
a typical galaxy this leads to a lower bound on the mass of the fermions [10]. The
bounds on the mass of the dark fermion are then given by
102 eV . mψ . 1010 eV.

(4)

We can easily generalize our results to other spins. The mass of a pseudo-scalar
dark matter candidate, an axion like particle, a if quantum gravity violates parity
(and time reversal invariance) is bounded by:
10−3 eV . ma . 107 eV.

(5)

On the other hand, if quantum gravity preserves parity, we find [16, 17, 24]
10−21 eV . ma . 107 eV.

(6)

For a vector field V , the first quantum gravitational operator that can be generated
non-perturbatively is of dimension 6 because of the chiral nature of fermions in the
Standard Model. We find
10−22 eV . mV . 107 eV.

(7)

For a massive spin-2 dark matter field, similar considerations lead to [15, 17]
10−3 eV . m2 . 107 eV.

(8)

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 the traditional Planck scale as it is the case in models with
large extra-dimensions [28, 29] or a large number of fields [30] where it could be in
the TeV region.
Finally let us emphasize that a discovery of a dark matter particle with a mass
violating our bounds could indicate that there is a new gauged force in the hidden
sector. Indeed, a violation of these bounds would imply that the dimension 5 operators considered here are not generated. For example, a gauged scalar field Φ, would
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not lead to a dimension 5 portal operator, but rather a dimension 6 one. In that case,
pairs of dark matter particles could annihilate to standard model particles, but dark
matter would be stable and our higher bound on their masses would not apply. A
dimension 6 operator Φ† ΦFµν F µν would lead to a fifth force as well, but the bounds
on the Wilson coefficients of such operators and thus on the masses of these scalar
fields, are much weaker than those on dimension 5 operators. The discovery of a
dark matter particle with a mass violating our bounds would thus imply some much
richer structure in the hidden sector, for example, in the form of new dark forces.
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