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The nature of dark matter and the fundamental quantum structure of spacetime could be directly
linked in the asymptotic-safety framework. A toy model for the visible Higgs-Yukawa sector of the
Standard Model, coupled to a dark sector through a portal coupling, provides a very first example for
a model that simultaneously i) could become asymptotically safe at non-vanishing portal coupling,
ii) could feature a strongly enhanced predictive power with calculable values for all interactions
and thereby iii) give rise to calculable relations between the masses of the dark particles, their
self-interactions, and the portal coupling.

Experimental searches for dark matter are ongoing,
as of yet constraining parts of the vast space of dark-
matter models, but with a discovery outstanding [1–16].
Thus, uncovering novel theoretical principles to guide the
experimental searches is called for. At a first glance,
the question, “What is the fundamental nature of space-
time?” appears to be an unrelated riddle. Yet, we will
highlight that a toy model for dark matter could be con-
sistently embedded in a theory including quantum grav-
ity within the asymptotic-safety paradigm. This could
result in enhanced predictivity for the dark sector.
Asymptotic safety can provide an ultraviolet (UV) com-
pletion to an effective field theory (EFT), see [17] for a
review. An EFT is characterized by an infinite number of
couplings and often features Landau poles in its Renor-
malization Group (RG) flow. Asymptotic safety corre-
sponds to an interacting fixed point of the RG flow, i.e.,
an enhancement of the symmetry to quantum scale sym-
metry [18], providing a well-defined UV starting point for
the RG flow. Such a UV completion is not available for
arbitrary infrared (IR) values of the couplings. Instead,
realizing quantum scale symmetry in the UV requires re-
lations between couplings to hold. Even power-counting
renormalizable couplings – generically free parameters
in dark-matter models – could become predictable in
asymptotically safe dark-matter models with gravity [19–
21]. For instance, there are indications that the Higgs
portal coupling to a dark sector consisting of a single,
uncharged dark scalar must vanish at the Planck scale in
order to achieve asymptotic safety in the UV [19]. More
generally, there are strong indications asymptotically safe
quantum gravitational fluctuations flatten scalar poten-
tials [22–32]. In [20, 21], the resulting decoupling of
scalar dark matter was circumvented by introducing an
extended dark sector with a new gauge boson that regen-
erates the portal coupling during the RG flow. Here, we
pursue two goals:
(i) We aim to realize a finite Higgs portal coupling di-
rectly as a consequence of asymptotic safety.
(ii) We explore the potential predictive power of asymp-
totic safety in such a portal model.

For quantum gravity, compelling indications for the

asymptotically safe Reuter fixed point exist [33–45], see
[46–54] for reviews and [55, 56] for introductory lectures.
Among the open questions [57, 58], the phenomeno-
logical viability is key – as in any quantum-gravity
approach. Consistency with the observed properties of
matter already constitutes a test of asymptotically safe
gravity [59–61]. Indications exist, subject to systematic
theoretical uncertainties, that quantum fluctuations of
the Standard Model (SM) fields do not destroy asymp-
totic safety in gravity [60, 62–64]. Further, Euclidean
calculations indicate that the values of several SM cou-
plings might be calculable quantities, fixed by requiring
quantum scale symmetry in the UV [25, 65–67]. These
open the prospect of nontrivial observational consistency
tests using existing measurements in particle physics.
Here, we move beyond consistency tests with existing
observations and focus on the dark sector where predic-
tions could be confronted with future experiments. To
provide a proof-of-principle, we work in a toy model for a
Higgs portal to dark matter [68–72], see [73] for a review.

Two simple Yukawa systems and a gravity-induced portal
At the heart of the decoupling-result in [19] is shift sym-
metry for the dark scalar, forcing the portal to vanish
[61]. We go beyond existing decoupling results by (i) in-
troducing a simple Yukawa system in the dark sector con-
sisting of a dark scalar φd and a dark Dirac fermion ψd,
see [74–76], (ii) incorporating the effect of non-minimal
couplings. A finite fixed-point value for the dark Yukawa
coupling breaks the shift symmetry in the dark scalar
and gives rise to a finite non-minimal curvature coupling
which generates a finite portal coupling.

We mimic the Higgs-top-sector of the SM by a “visible”
scalar φv and a “visible” Dirac fermion ψv. The single-
scalar toy model already captures the absence of massless
Goldstone bosons for the SM Higgs and has been explored
in the context of asymptotic safety without gravity in
[77–79]. We study the following dynamics in a Euclidean
setting

Γk = Γvisible
k + Γdark

k + Γportal
k + Γgrav

k , (1)



2

with

Γgrav
k =

−1

16πGN
∫ d4x
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√
g
⎛

⎝
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2
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Γportal
k = ∫ d4x

√
g
λHP

4
φ2
vφ

2
d. (4)

A crucial technical advancement is the inclusion of the
non-minimal curvature couplings ξv(d). As we neglect
the SM gauge group, there is an accidental exchange
symmetry between dark and visible sectors. Thus, Γdark

k

takes the same form as Γvisible
k , with the substitution

v → d, i.e., φv → φd etc. The model features two
discrete Z2 symmetries. Under the Z2 dark(visible), the
dark (visible) sector transforms, while the visible (dark)
sector is trivial. Spontaneous symmetry breaking of
Z2 dark is required for a massive dark fermion. In Eq. (1),
Γk is a scale-dependent effective action that allows us
to set up a functional RG calculation in the Wilsonian
spirit. All fluctuations above the IR momentum cutoff k
are accounted for in the scale-dependent effective action
Γk; fluctuations below k remain to be integrated out.
This is encoded in a flow equation for Γk [80–82]. It
captures how the effective dynamics, parameterized by
scale-dependent couplings, changes under a change in k,
see, e.g., [83–85] for reviews and [49, 51, 54] for reviews
in the context of gravity.
At an RG fixed point, the scale dependence vanishes
and quantum scale symmetry is realized. To connect
a UV fixed point to physics in the IR, one follows
an RG trajectory emanating out of the fixed point
towards k = 0. In this process, all quantum fluctuations
are successively taken into account, until the physical
limit k = 0 has been reached. The number of relevant
directions of the fixed point translates into the number
of free parameters in the description of the physics. If
the number of relevant parameters of the asymptotically
safe fixed point is smaller than the number of perturba-
tively renormalizable couplings, the asymptotic-safety
framework results in additional predictions compared to
a perturbatively renormalizable model. In comparison
to an EFT approach to dark matter, asymptotic safety
also typically fixes higher-order couplings, which are free
parameters of the EFT setting.

Mechanism for asymptotic safety in the portal coupling
To search for quantum scale invariance, we work with
the dimensionless counterparts of all couplings, defining
g = GN k

2, Λ = Λ̄k−2, m2
v/d = m̄

2
v/d k

−2. Within the ap-

proximation defined by the truncation Eq. (1), the beta

functions for the couplings g, Λ, mv/d, λv/d, ξv/d, yv/d
and λHP exhibit multiple fixed points. We focus on the
most predictive one. It features a nonvanishing portal
coupling λHP∗ that generically translates into a nonva-
nishing portal coupling at k = 0. In the approximation
defined by Eq. (1), the mechanism underlying this fixed
point works as follows: Quantum fluctuations of gravity
and matter fields generate an interacting fixed point for
the gravitational couplings, g and Λ. Even at finite values
for g and Λ, shift symmetry for the scalars protects the
scalar potential in the absence of fermionic fluctuations
[61], resulting in a flat potential with vanishing portal
coupling, [19]. Non-vanishing Yukawa couplings in the
dark and the visible sector break both shift symmetries.
Their beta functions are given by

βyv(d) =
5 y3

v(d)

16π2
− yv(d)fy, (5)

with quantum gravitational fluctuations encoded in an
anomalous dimension [66], see also [22, 86–90],

fy = −g
96 +Λ (−235 +Λ(103 + 56Λ))

12π (3 + 2Λ(−5 + 4Λ))
2

−g ξv(d)
6 (18 + 8Λ + 63ξv(d) − 168Λξv(d))

7π (3 − 4Λ)
2

. (6)

For Λ negative enough and ∣ξ∣ sufficiently small, fy is
positive, cf. Fig. 1, balancing out against the y3

v(d) term
at an interacting fixed point

yv(d)∗ =

√
16π2 fy

5
(7)

for the Yukawa couplings [66], breaking shift symmetry in
the UV. The next step is the generation of a finite non-
minimal coupling. In the absence of the gravitational
contribution the fixed-point value ξv(d) = −1/12 would be
preferred [91] at finite values for the Yukawa couplings.
The beta functions for the non-minimal couplings read,

βξv(d) =
(4y2

v(d) + 3λv(d)) (1 + 12ξv(d))

192π2
+
λHP(1 + 12ξd(v))

192π2

−ξv(d)fξ+g ξ
2
v(d)

72(21 − 8Λ) + 972(5 − 8Λ)ξv(d)

18π(3 − 4Λ)2
, (8)

with

fξ = g
99 + 318Λ − 1464Λ2 + 1232Λ3 − 96Λ4

18π(3 − 4Λ)2(1 − 2Λ)3
, (9)

see, e.g., [23, 24, 26]. Gravity fluctuations together
with Yukawa couplings result in a finite fixed-point value
ξv(d)∗ ≠ −1/12.

The finite fixed-point value of the non-minimal cou-
plings induces a finite fixed-point value for the portal.
Its beta function reads

βλHP
=
λ2

HP

4π2
+

3

16π2
λHP (λv + λd) +

λHP

4π2
(y2
v + y

2
d)

+fλ λHP + β
ind
λHP

. (10)
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FIG. 1. We show the fixed-point values of the portal coupling
λHP∗ (color coded) and the Yukawa coupling yv(d)∗ (dashed
lines) as a function of the gravitational fixed-point values
Λ∗, g∗. For Λ∗ ≳ −3.3, no fixed point with non-vanishing
Yukawa coupling exists [66]. For Λ∗ ≲ −7.2, the fixed-point
value of the portal coupling turns positive. Even in the neg-
ative λHP-region, the stability criterion λ2

HP − λvλd < 0 is ful-
filled.

The first line is the one-loop result. The additional con-
tributions arise from gravitational fluctuations, including
the anomalous dimension

fλ = g
⎛

⎝

165 − 488Λ + 392Λ2 − 32Λ3

6π (3 + 2Λ(−5 + 4Λ))
2

+ 6 ξv ξd
108 − 96Λ

π(3 − 4Λ)2

+
6(ξv + ξd)

π(3 − 4Λ)2
(18 − 8Λ) +

6(ξ2
v + ξ

2
d)

π(3 − 4Λ)2
(45 − 72Λ)

⎞

⎠
.(11)

As a key computational outcome, the non-minimal cou-
plings generate the term,

βind
λHP

= g2 160ξvξd
(1 − 2Λ)3

+ g2 864ξvξd
(3 − 4Λ)3

+ g2 82944

(3 − 4Λ)3
ξ2
vξ

2
d (12)

+ g2 27648

(3 − 4Λ)2
ξ2
vξ

2
d + g

2 576(108 − 48Λ)

5(3 − 4Λ)3
(ξ2
vξd + ξ

2
dξv).

The finite non-minimal couplings imply a nonzero fixed-
point value of the portal, λHP∗ ≠ 0. This is a central
result of this paper, and provides the first example of
a toy model for dark matter, in which a nonvanishing
portal interaction is required by the microphysics.

The limitations of our results are rooted in the
Euclidean setting and the necessity of truncating. The
effect of higher-order gravitational couplings beyond
our truncation amounts to a shift in the gravitational
contributions e.g., fλ, fy, [30, 61, 87] as long as the
gravitational higher-order couplings themselves feature

a fixed point under the impact of matter, see, e.g.,
[64, 87, 92]. Higher-order matter couplings in scalar and
fermion systems [59, 61, 88, 93] contribute at sub-leading
order to the beta functions of the marginal couplings, at
least at small numbers of matter fields.

Predictivity from asymptotic safety
To focus on our second goal and explore the predic-
tivity of our toy-model scenario, we include the mass-
parameters that are set to zero above for readability. The
full expressions are reported in Ref. [94]. We obtain fixed-
point values in the phenomenologically interesting region
in Fig. 1

g∗ = 4.55, Λ∗ = −6.52, (13)

yv(d)∗ = 0.37, ξv(d)∗ = −2.7 ⋅ 10−2, m2
v(d)∗ = 1.6 ⋅ 10−3,

λv(d)∗ = 6.5 ⋅ 10−2, λHP∗ = −8.5 ⋅ 10−3. (14)

Here, the gravitational beta functions as reported in [66]
are used. We consider all SM fields (4 real scalars, 22.5
Dirac fermions and 12 gauge fields) plus the dark scalar
and the dark Dirac fermion, resulting in a fixed point
at negative microscopic cosmological constant, see also
[60]. We neglected the impact of the mass and the non-
minimal coupling on the gravitational fixed point, but
confirmed that this only leads to a minor quantitative
shift in our result. The fixed point in Eq. (14) not only
features a finite portal coupling, but is also highly predic-
tive: It is IR attractive in both Yukawa couplings, both
non-minimal couplings and all quartic couplings 1. The
fixed-point requirement hence fixes the values of these
couplings in the IR, cf. Fig. 2. The only free parameters
at the fixed point in the matter sector are the mass pa-
rameters of the two scalars. The fixed-point properties
indicate a near-perturbative nature, in line with research
on symmetry identities [44, 96, 97], extended truncations
in the gravitational sector [39, 98–100], and perturbative
computations [101, 102]. This signals the self-consistency
of our approximation.
Mass generation and symmetry breaking
Starting from the UV fixed point, we follow the RG flow
to the IR. We set the mass parameters for both scalars in
the UV such that both Z2 symmetries are spontaneously
broken in the IR and both fields acquire a vacuum expec-
tation value (vev). We assume that the visible scalar vev

1 This is encoded in the set of critical exponents, the real parts
of which are given by θ1 = 3.98, θ2 = 1.92, θ3,4 = 1.98, θ5,6 =
−6.9 ⋅ 10−3, θ7,8 = −7.1 ⋅ 10−3, θ9 = −0.024, θ10,11 = −0.033. Ev-
ery positive critical exponent signals one free parameter. The
first two are related to the gravitational couplings, the next two
are very close to the canonical dimension θ3/4,can = 2 for the

mass parameters. Small deviations 1
9 ∑11

i=3(θi − θi,can)2 ≈ 0.022

of the critical exponents in the matter sector from their canonical
values θi,can, with θi,can = 0∀i > 4, signal the near-perturbative
nature of the fixed point. Negative critical exponents also impose
predictivity within effective asymptotic safety [95].
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FIG. 2. We show trajectories for one of the Yukawa cou-
plings, one of the quartic couplings and the portal couplings
as a function of k. For each case, the green, continuous tra-
jectory is the unique trajectory that starts at the fixed point
in the deep UV. These critical trajectories are IR attractive,
such that even initial conditions that deviate from the criti-
cal trajectory in the UV are pulled towards it. At the Planck
scale, indicated by the dashed vertical line, quantum-gravity
fluctuations decouple dynamically.

vv is known from measurements, and hold it fixed. The
visible scalar mass is then predicted. Such a mechanism
has been proposed to predict the Higgs mass [25], see also
[28, 29, 32, 66]. Then, the dark vev vd is the only free
parameter in our model. After spontaneous symmetry
breaking, the potential is most conveniently rewritten in
the form

V (φv, φd)= ∑
i=v,d

λi
8
(φ2

i − v
2
i )

2
+
λHP

4
(φ2

v − v
2
v) (φ

2
d − v

2
d) .

(15)
This parametrization makes the symmetry breaking ex-
plicit and can directly be mapped to the potential terms
in (3). Once the RG scale k drops below the mass of
a mode, the corresponding mode automatically decou-
ples from the functional RG flow by virtue of non-trivial
threshold functions. We focus on the case λvv

2
v > λdv

2
d.

The two massive scalars become superpositions of φv and
φd, with mass eigenvalues

M2
V /D =

1

2
(λvv

2
v + λdv

2
d ±

√

(λvv2
v − λdv

2
d)

2 + 4λ2
HPv

2
v v

2
d) ,

(16)
The corresponding eigenstates feature a mixing angle

tan 2α =
−2vv vd λHP

λvv2
v − λdv

2
d

. (17)
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FIG. 3. The scalar mass MV /D (solid), vacuum expecta-
tion value vv/d (dashed) and fermion mass (dotted) Mψv/d
as a function of the RG scale k. The vacuum expectation
value in the visible sector is fixed such that vv ≈ 246 GeV
in the IR. The dark vacuum expectation value approaches
vd ≈ 109.5 GeV in the above trajectories and is the free pa-
rameter of our toy model (see text). The dark sector is shown
in blue and the visible sector in orange.

Fig. 3 showcases the spontaneous symmetry breaking,
followed by the automatic decoupling of fluctuations,
where the masses freeze out once k drops below the phys-
ical mass scales.

Portal coupling versus dark scalar mass

We map out the parameter space for dark matter in
our asymptotically safe toy model by following RG tra-
jectories from the UV to the IR. We vary the value of
the dark scalar vev in the IR. As it corresponds to a
relevant direction, a whole range of dark-scalar masses
is compatible with a fixed point in the UV. In contrast,
the other couplings are fixed uniquely as functions of the
dark-scalar mass by the fixed-point requirement. The
resulting relation between the dark-scalar mass and var-
ious other couplings is shown in Fig. 4. It illustrates the
predictive power of asymptotic safety: The most impor-
tant features are predictions for the portal coupling, dark
fermion mass, dark-scalar self interaction, mixing angle
and (not shown in the figure) non-minimal couplings as
a function of the dark-scalar mass. The predicted portal
coupling, λHP ≈ −6 ⋅ 10−3 only varies mildly in response
to changes in MD.

In an extension of our toy-model to the SM – if such
an extension exists – the Z2 symmetry for the dark
scalar is broken spontaneously. Thus it decays to SM
particles. The dark fermion might play the role of
a stable dark matter candidate [103–106]. The dark
matter relic density is non-trivial to estimate, because
the dark scalar and dark fermion have similar masses to
each other and the Higgs resonance MD ≲Mψd

∼MV /2.
We perform a rough estimate of the relic density. We
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FIG. 4. We show the relation between portal coupling and
dark scalar mass that results from the asymptotically safe
fixed point within the system of beta functions in our approx-
imation. The mixing angle, dark self-interaction and dark-
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matching the corresponding values on the left (bottom), hence
the scales are not linear. The uncolored region is not com-
patible with the asymptotically safe fixed point in Eq. (14).

take the IR values of the couplings in our toy model for
the dark sector and use them in a calculation including
SM fields. We implement a corresponding model in
micrOMEGAs [107], generating the relevant Feynman
rules with LanHEP [108]. The dominant decay channel
is ψdψ̄d → φdφd. This yields a relic density in close
vicinity to the observational value. We remind the
reader that we are investigating a toy model. A more
meaningful comparison with observational data is left to
future work with a more realistic field content.

Outlook: Confronting asymptotically safe dark matter
with observations and constraints
We found indications that asymptotically safe quantum
fluctuations of gravity and matter could (i) generate a fi-
nite portal coupling and (ii) strongly enhance the predic-
tive power of such a portal model. In analogous studies
of the Higgs-Yukawa sector, it has been found that sim-
ilar fixed-point structures can tentatively be extended
to a full SM gauge-Higgs-Yukawa sector [66, 109, 110].
Anticipating the extension of our results to a model in-
cluding all SM degrees of freedom, this would suggest an
asymptotically safe dark matter model with the follow-
ing qualitative characteristics: The dark sector would be
comprised of a scalar and a more massive Dirac fermion.
The vacuum expectation values for the Higgs and the
dark scalar would be the only two free parameters in the
scalar Yukawa sector constrained experimentally by: (i)
Higgs boson mass, (ii) quark masses, (iii) observed dark-
matter relic density [111], (iv) direct detection bounds
[5, 7, 8, 10], (v) bounds on the invisible decay width of
the Higgs [75, 112–116]. Additionally, vacuum stability
considerations in the early universe could potentially con-

strain the non-minimal couplings [117, 118]. These man-
ifold non-trivial tests of a model that would be expected
to feature only two free parameters in the scalar Yukawa
sector highlight the predictive power of the asymptotic-
safety paradigm.

This provides strong motivation for a concerted effort
to develop a thorough quantitative understanding of the
scenario we propose in the full SM while at the same
time reducing systematic uncertainties due to the choice
of truncation and spacetime signature. Such a program
might open up the perspective to meaningfully compare
between an asymptotically safe gravity-matter model and
experimental data in the future. In this context, it is
interesting that the value of the portal coupling in our
toy model is of the right order of magnitude for a thermal
relic and in the area of parameter space that is subject to
intense observational scrutiny [119–124] from [125–129].
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