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We present a novel framework to solve simultaneously the electroweak-hierarchy problem and the strong-
CP problem. A small but finite Higgs vacuum expectation value and a small θ angle are selected after the
QCD phase transition, without relying on the Peccei-Quinn mechanism or other traditional solutions. We
predict a distinctive pattern of correlated signals at hadronic EDM, fuzzy dark matter, and axion experiments.
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Introduction.—Our whole understanding of physics is
based on symmetry. Among its countless successes, one of
the best examples is dimensional analysis, which is just a
convenient way of enforcing the selection rules of dilatations.
The most spectacular failures of symmetry are the

cosmological constant (CC), the Higgs boson mass squared
(m2

h) and the QCD θ angle. All three are orders of
magnitude smaller than what we expect from dimensional
analysis and the known symmetries of nature.
Taken at face value these three parameters appear

completely unrelated. The CC is coupled to gravity and
determines the maximal observable size of the Universe.
m2

h is coupled to weak interactions, it determines their range
and the mass of most known particles. θ is coupled to
strong interactions and determines a series of properties of
mesons and baryons, including the neutron electric dipole
moment (EDM). If we try to understand these parameters
using symmetry in the most direct way we are immediately
led to separate the three problems. After decades of
theoretical and experimental efforts, we have not yet found
any evidence that the symmetry paradigms that separate
these puzzles are realized in Nature. However there is a
deep connection between m2

h and θ, founded on a more
indirect use of symmetry. Only one local operator in the
standard model (SM) has a vacuum expectation value
sensitive to m2

h: GG̃, the operator coupled to θ.
In this Letter we present a novel framework that

simultaneously explains the small observed value of m2
h

and θ, with the CC playing an important role in their
selection. We call it sliding naturalness. The selection ofm2

h
and θ is dynamical and occurs in the early history of the
Universe, right after the QCD phase transition. Other ideas

of “cosmological naturalness” that select a small value for
m2

h in the early history of the Universe include Refs. [1–12].
We do not make any assumption on the high-energy

physics responsible for the observed homogeneity and
isotropy of the Universe. In particular the selection of
m2

h and θ is compatible with any realization of inflation, but
also with modern swampland conjectures [13]. Importantly
we do not require hidden model building or tuning to
enforce a large number of e-folds or a low scale of inflation.
At low energies, the entire model can be described by a
simple polynomial potential for two approximately shift-
symmetric axionlike particles, one of which can be the dark
matter of our Universe. Explaining the observed m2

h and θ
does not require super-Planckian field excursions.
We predict a very distinctive phenomenology that relates

signals in hadronic EDM experiments, fuzzy dark matter
and axion searches, defining a smoking-gun pattern that
can precisely identify this framework.
Basic idea.—We imagine the existence of a landscape for

the Higgs mass squared, the cosmological constant and the
QCD θ angle. Different patches of the Universe have
different values for these quantities. We denote with Λ2

H the
maximum value of m2

h in the landscape and with Λ4
max the

maximum value of the CC. ΛH and Λmax can both be Oð1Þ
in units of MPl.
At low energy the theory includes two new scalars ϕ�

with an approximate shift symmetry. The ϕ� potential has a
deep minimum with energy density ≲ − Λ4

max. Patches
where ϕ� roll to their global minimum rapidly crunch [14].
A second metastable minimum for ϕ� is generated only

if both the Higgs vacuum expectation value (vev) hhi and
the QCD θ angle are in specific ranges

μS ≤ hhi ≤ μB; θ ≤ θmax; ð1Þ

where μB can naturally be ≪ ΛH and θmax ≪ 1. In this
minimum the CC can be tuned to zero, for instance,
because of Weinberg’s argument on the existence of
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galaxies [15]. This does not require any coincidence in the
landscape, as explained in the Supplemental Material [16].
Only universes with small and nonzero Higgs vev and
small QCD θ angle survive until today. All other universes
rapidly crunch. We discuss a similar way to select m2

h
independently of θ in a companion paper [22]. Different
versions of a crunching mechanism have been advocated
to explain the value of the CC in Ref. [23] and of m2

h in
Refs. [9,10].
Selection of the weak scale and of θ.—We can realize this

idea with a large class of potentials. The simplest choice is
V ¼ Vϕ þ VϕH, with Vϕ ¼ Vϕþ þ Vϕ−

and

Vϕ� ¼∓ m2
ϕ�
2

ϕ2
� −

m2
ϕ�

4M2
�
ϕ4
�;

VϕH ¼ −
αs
8π

�
ϕþ
Fþ

þ ϕ−

F−
þ θ

�
G̃G; ð2Þ

where m2
ϕ� > 0 and GG̃≡ ðϵμνρσ=2ÞGa

μνGa
ρσ. Vϕ and VϕH

break the shift symmetry ϕ� → ϕ� þ c� by a small
amount mϕ� , ΛQCD ≪ F�, M�. Vϕ is an EFT description
valid at least for jϕ�j≲M�. A concrete way to generate
Eq. (2) and UV complete is described in the Supplemental
Material [16]. As discussed there, the strong-CP and
hierarchy problems are essentially solved by the approxi-
mate symmetries of ϕ� that keep the hierarchy between
their minima stable. The ϕ� sector is very weakly coupled
to the SM, where the symmetry is not manifest.
Vϕ� in Eq. (2) describes two decoupled scalars: ϕ− has a

minimum at zero and two maxima at M−, while ϕþ has a
maximum at zero and no stable minimum, as shown in
Fig. 1. It is technically natural to take their cross-couplings
to be negligibly small as discussed in the Supplemental
Material [16]. Note that one can have the same structure for
more general values of the Oð1Þ factors in Eq. (2), as well
as including tadpole and cubic terms (with scale M�) and
possibly cross interactions. We discuss this in Ref. [22].
Notice that, while the potential in Eq. (2) should be

considered just as an illustrative example, it is technically
natural as it stands.
If we include VϕH, a nonzero Higgs vev can generate a

safe minimum for ϕþ, provided that θ is sufficiently small.
However when the Higgs vev becomes too large VϕH

destabilizes the original safe minimum for ϕ−. This is
shown in Fig. 1.
To see how this is realized in practice, we can focus on

the region jϕ�j ≲M� and take M�=F� ≪ 1. Then if we
rotate ϕ� in the quark mass matrix and match to the chiral
Lagrangian at low energy,

VϕH ≃
Λ4ðhhiÞ

2

�
θ þ ϕ−

F−
þ ϕþ
Fþ

�
2

þ…: ð3Þ

For simplicity we have also expanded for θ ≪ 1, but our
arguments hold also for θ ¼ Oð1Þ. The above potential is
generated at the QCD phase transition and its overall size
is a monotonic function of the Higgs vev through chiral
symmetry breaking. For mu;d ≲ 4πfπ the scale of the
potential reads [24]

Λ4ðhhiÞ ¼ m2
πf2π

mumd

ðmu þmdÞ2
: ð4Þ

The selection of hhi and of θ takes place after the QCD
phase transition, during radiation domination. As discussed
in the next section, it takes ϕ� a time 1=mϕ� to slide
towards the deep minimum and crunch, if the safe local
minimum is not present. For simplicity, in the following we
take 1=mϕ−

≪ 1=mϕþ , so that ϕ− starts rolling first.
The safe local minimum for ϕ− only exists if the QCD

tadpole does not destroy it. Given Eq. (6), we can take
M−=F− ≲ θ þMþ=Fþ, so that the tadpole term dominates
the ϕ− potential in Eq. (3) (recall that ϕ− ∼M−). Hence,
the cross interactions between ϕ� generated by QCD are
negligible and the minimization problem factorizes into
two separate ones for the two scalars. As a consequence the
local minimum for ϕ− is easily found to exist only if

Λ4ðhhiÞ≲ m2
ϕ−

M−F−

ðθ þMþ=FþÞ
: ð5Þ

We have replaced the unknown value of ϕþ at the time
when ϕ− starts moving, with Mþ, because all universes
where jϕþj ≫ Mþ crunch and in all others this is its typical
value. Even in universes where the initial position of ϕþ is
tuned to give θ þ ϕinitialþ =Fþ ≃ 0, ϕ− still sees an effective θ
angle of OðMþ=FþÞ after ϕþ starts rolling, because ϕþ
moves by about Mþ after the QCD phase transition [25].
The above inequality is thus an upper bound on hhi.
Similarly, a safe local minimum for ϕþ is found to exist

only if

FIG. 1. Example potentials Vðϕ�Þ that select the weak scale.
If hhi≳ v the local minimum of Vðϕ−Þ is destabilized (left
panel), so that the field rolls down towards its deep global
minimum (not shown in the plot) and the Universe rapidly
crunches. Conversely, the local minimum of VðϕþÞ is generated
only if hhi≳ v and θ ≲ θmax.
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Λ4ðhhiÞ≳m2
ϕþF

2þ and
Mþ
Fþ

≳ θ þM−

F−
: ð6Þ

This puts an upper bound on the maximal neutron EDM
that we can observe today and a lower bound on the Higgs
vev. The first inequality implies that the positive curvature
from VϕH beats the negative one from Vϕþ , while the
second one enforces that this happens in the region where
the negative quartic from Vϕþ is subleading. Moreover, we
have assumed that the first inequality is almost saturated.
We have found that ϕþ gives an upper bound on θ and a

lower bound on hhi given by Eq. (6), while ϕ− an upper
bound on hhi given by Eq. (5). In terms of experimentally
measured quantities, this means that M−=F− ≲Mþ=Fþ≃
θ0 ≲ θexp ≃ 10−10, where θ0 is the observed θ angle today,
θexp is given by the experimental upper bound on the
neutron EDM [26]. The electroweak scale is successfully
selected if

m2
ϕþ ≃

Λ4
QCD

F2þ
;

m2
ϕ−

≃
�
θ þMþ

Fþ

� Λ4
QCD

F−M−
≳ Λ4

QCD

F2
−

; ð7Þ

where Λ4
QCD ≡ Λ4ðvÞ ≃ ð80 MeVÞ4. In this Letter we take

μS ≃ μB ≃ v to highlight the main features of the idea.
In this limit mϕ� are the physical masses of ϕ� in our
Universe. If mϕþ < Λ2

QCD=Fþ in Eq. (2) then μS < v, but
the physical mass of ϕþ remains ≃Λ2

QCD=Fþ. For μB > v
the physical mass of ϕ− increases [ΛQCD → ΛðμBÞ in
Eq. (7)]. This will be discussed more extensively in
Ref. [22]. In conclusion we have an “axion” ϕþ with a
mass-coupling relation identical to the usual QCD axion.
ϕþ is solving the strong CP problem, but not in the usual
way: all universes where θ > Mþ=Fþ crunch very quickly.
The second scalar ϕ− is an ALP heavier than a QCD axion
with the same couplings. We comment more extensively
on phenomenology after discussing in greater detail our
cosmological dynamics.
Before discussing cosmology, let us point out that the flat

direction of the QCD term in Eq. (3) does not pose a
problem for the stability of the potential, independently of
the Higgs vev. It is easy to show that for M−=F− ≲ θ0 the
flat direction of Eq. (3) is actually stabilized by the ϕ− part
of Vϕ.
Cosmology.—We do not make any assumption on the

Universe before reheating, except that it is one of many
with different values of θ, m2

h, and the CC. We also do not
make any assumption on the reheating temperature, which
can range all the way from the BBN bound to TRH ≳MGUT
without affecting our results. After reheating the cosmology
of the model is determined by the temperature dependent
values of mϕ� . For simplicity we imagine that ϕ� are

coupled to the reheating sector only through the QCD
anomaly, so Vϕ in Eqs. (2) has its zero-temperature form
throughout the history of the Universe, while VϕH in Eq. (3)
turns on at the QCD phase transition.
Crunching time.—We can now solve

ϕ̈� þ 3H _ϕ� þ ∂Vϕðϕ�Þ
∂ϕ�

þ ∂VϕHðϕ�Þ
∂ϕ�

¼ 0 ð8Þ

to determine the cosmological history of universes
with different values of m2

h and θ. We do not make any
assumption on the initial position of ϕ� along their
potentials. We can first consider universes where initially
jϕ�j≲M� and the Higgs vev or the θ angle are outside
their stability interval Eq. (1). Their dynamics is determined
entirely by the EFT in Eq. (2). It is easy to show that these
universes do not enter a phase of ϕ� inflation and H is
always dominated by radiation if the reheating temperature
is compatible with bounds from BBN. Universes at the
boundary, hhi ≃ μB and hhi ≃ μS, give the longest crunch-
ing times in the multiverse. For these universes, we can
solve Eq. (8) analytically. It takes ϕ− a time tlocalc ≃ 1=mϕ−

to cross the metastable region of size Δϕ− ≃M−.
Analogously, ϕþ rolls down its potential on a time scale
tlocalc ≃ 1=mϕþ . After crossing the local region, the slope of

Vϕ increases and it takes ϕ� an additional time tglobalc to
finally crunch. If the potential at jϕ�j≳M� is dominated
by the quartic term as in Eq. (2), a region Δϕ is traversed
in a short time tglobalc ∼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δϕ=V 0p

∼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M�=Δϕ

p
=mϕ� , after

which the universe crunches. The kinetic energy accumu-
lated during rolling redshifts away quickly ∼1=a6 and does
not appreciably affect the crunching time [14].
Similarly, universes that start from jϕ�j≳M� always

crunch, independently of hhi and θ, in a short time tglobalc .
In conclusion, the longest crunching time in the multiverse
is dominated by the local region jϕ�j≲M�, and is of
order tc ≃max½1=mϕþ ; 1=mϕ−

� ≃ 1=mϕþ.
To conclude we note that mϕþ ≲HðΛQCDÞ ≃ 10−11 eV≃

ð0.1 msÞ−1, otherwise universes with the observed Higgs
vev crunch before the stable minimum is generated at the
QCD phase transition. However, while in this Letter we
restrict to μS ∼ v, which determines the equality between
mϕþ in Eq. (2) and Eq. (7) and the physical mass of ϕþ in
our Universe, the lower bound on the Higgs vev could
actually be much smaller, μS ≪ v. In this case, the
crunching time is determined by the size of the potential
in Eq. (2) and can be longer than the inverse of the physical
mass of ϕþ, set by VϕH. Then the region mϕþ ≳HðΛQCDÞ
becomes allowed [22].
In this picture our Universe is in a metastable, but

extremely long-lived, state. The tunneling action is very
large S≳min�½8π2M2

�=ð3m2
ϕ�Þ�, giving a tunneling time

much longer than the age of the Universe.
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Dark matter.—The scalars ϕ� are stable over cosmo-
logical timescales (τϕ� ≃ 1024 sðeV=mϕ�Þ5) and their
coherent oscillations can constitute the dark matter (DM)
of the Universe [27–29]. To compute the relic density, we
note that they get a “kick” of order Δϕ� ≃M� at the QCD
phase transition for universes where hhi ≃ μB;S. The maxi-
mum possible misalignment of ϕ� from their safe mini-
mum that does not entail a rapid crunch is OðM�Þ, so the
relic density of ϕ� is dominated by this kick. If our
Universe is close to one of the boundary values, modulo
Oð1Þ factors, we have ρϕ�ðT ≃ ΛQCDÞ ≃m2

ϕ�M
2
� for one of

the two scalars. In this Letter we consider a scenario where
mϕ−

≫ mϕþ , and it is easy to show that ϕ− is at most a
subdominant component of DM. On the contrary ϕþ can be
the DM of our Universe, with ρϕþðT ≃ ΛQCDÞ ≃m2

ϕþM
2þ≃

θ20Λ4
QCD. Since it starts oscillating and redshifting as cold

DM when H ≃mϕþ < HðΛQCDÞ, its relic density today is
given by

ρϕ
ρDM

≃
θ20Λ4

QCD

TeqM
3=2
Pl m

3=2
ϕþ

≃
�

θ0
10−10

�
2
�
10−19 eV

mϕþ

�
3=2

; ð9Þ

with Teq ≃ eV the temperature of matter-radiation equality.
Therefore, its relic density is ≃θ20 times smaller than the one
of a Peccei-Quinn axion with the same mass, avoiding
overclosure constraints of light axions. Taking μS ≪ v
leaves the relic density Eq. (9) unaffected.
Inflation and swampland conjectures.—Until now we

have considered an anthropic selection mechanism for the
CC, but we can also imagine that the CC is close to zero due
to nontrivial constraints imposed in the IR by UV dynam-
ics, as suggested by swampland conjectures. Differently
from most of the existing approaches to cosmological
naturalness, our mechanism is compatible with modern
swampland conjectures [13]. The form of the potential
in Eq. (2) is generic enough so that the de Sitter (dS)
conjecture [30] is satisfied as long as M� < MPl, because
in Planckian units the slope of the potential is not sup-
pressed as compared to the potential itself. The observed
small CC can be then simulated, as usual, by a cosmo-
logically rolling scalar. The distance conjecture [31] is
satisfied if M� are sub-Planckian. Note that reproducing
the observed dark matter relic density requires Fþ > MPl,
but the field excursions that we consider can be ≪ Fþ and
even for super-Planckian Fþ we might not violate the
distance conjecture. Since this conjecture is argued to
automatically imply the dS one [32,33], in this framework
there are no large and positive CCs in the landscape and the
global minimum of ϕ� is guaranteed to crunch, without any
stringent requirement on the splitting between the two
minima. In summary, the constraints imposed by these
conjectures on the structure of the low-energy potential can
be easily satisfied and those on the high energy landscape
do not affect our results.

However, we can consider, more generally, the relation
between field excursions and the maximal CC for which
our mechanism works. If we assume that the UV com-
pletion of Eq. (2) does not affect its form until ϕ� ∼MPl,
then the maximal CC Λ4

sub that does not require super-
Planckian field excursions is

Λ4
sub ≃

Λ4
QCD

θ20

M4
Pl

F4þ
≲ ð1014 GeVÞ4

�
10−10

θ0

�
2

; ð10Þ

obtained as the potential at ϕþ ∼MPl, determined by
the quartic coupling of ϕþ, using (7) and Mþ=Fþ ≃ θ0.
Here we took μS ≪ v, so that Fþ ≳ 108 GeV from axion
bounds [34], not restricted by mϕþ ≲HðΛQCDÞ.
We also find useful to stress that since our mechanism is

compatible with standard inflation and does require a large
number of e-folds, it does not implicitly reintroduce tuning
or violation of swampland conjectures in other sectors
of the theory. For the same reason it does not violate the
considerations in Refs. [35,36] on the maximal time during
which a semiclassical description of dS is valid.
Smoking-gun signals.—The scalar ϕþ is an axion of

mass mϕþ ≲ 10−11 eV which lies on the QCD line. Notice

FIG. 2. Parameter space for which ϕþ constitutes the totality
of DM of the Universe, as function of the ϕþ mass and the θ
angle today. Bounds [26] and future prospects [38–40] from
hadronic EDM searches are shown. New ideas involving
molecular compounds could further improve the red dashed
line [54–58]. We also plot constraints on fuzzy DM from
Lyman-α forest [41–46], measurements of the subhalo mass
function [47] and the Eridanus II dwarf galaxy [48]. Tensions in
the fit to other dwarf galaxies point to a similar constraint as
Eridanus [49,50]. We shade the area where multiple observa-
tions disfavor the corresponding DM mass hypotheses [51].
The dashed lines correspond to the potential sensitivity from
future observations in 21 cm cosmology (HERA) [52] and by
the Vera Rubin Observatory [53].
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that ϕþ does not give rise to black hole superradiance in
the region mϕþ ∼ 10−12 eV because of the self-coupling in
Eq. (2) [37]. If observed in this region, this would then
constitute a first characteristic trait that distinguishes ϕþ
from the Peccei-Quinn axion.
If mϕþ ≲ 10−19 eV, ϕþ can constitute the totality of DM

in our Universe, as shown in Fig. 2. Its relic density is a
function of the θ angle today and of mϕþ , as shown in
Eq. (9). Limits on fuzzy DM imply θ0 ≳ 10−12, observable
at future EDM experiments [38–40]: observing ϕþ DM and
small galaxies predicts sizable EDMs. Similarly, an obser-
vation of θ0 in the near future and a measurement of the
DM mass would allow us to test the smoking-gun relation
in Eq. (9). A combination of future EDM measurements
and fuzzy DM probes [41–53] can fully test the hypothesis
of ϕþ DM, as shown in Fig. 2.
We also predict a second axionlike particle with mass

mϕ−
≳mϕþ . ϕ− is a ALP with mass comparable to or larger

than a QCD axion with the same couplings, and, as such, is
difficult to observe at current axion experiments, especially
because it is not DM. However, new experimental ideas
could further corroborate this framework by finding a
second ALP heavier than the one constituting DM.
To conclude, the two scalars ϕ� have a very distinctive

phenomenological structure and the pattern induced in
axion and EDM experiments can provide a smoking-gun
signal for the scenario that we propose. A partial or total
future observation of this peculiar pattern would provide
strong evidence towards the novel mechanism presented in
this Letter that jointly addresses the Higgs hierarchy and
strong-CP problems.

We thank M. Geller, G. Giudice, M. McCullough,
R. Rattazzi, and A. Strumia for discussions and comments
on the manuscript.
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