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We introduce a new approach to the Higgs naturalness problem, where the value of the Higgs
mass is tied to cosmic stability and the possibility of a large observable Universe. The Higgs mixes
with the dilaton of a CFT sector whose true ground state has a large negative vacuum energy. If
the Higgs VEV is non-zero and below O(TeV), the CFT also admits a second metastable vacuum,
where the expansion history of the Universe is conventional. As a result, only Hubble patches with
unnaturally small values of the Higgs mass support inflation and post-inflationary expansion, while
all other patches rapidly crunch. The elementary Higgs VEV driving the dilaton potential is the
essence of our new solution to the hierarchy problem. The main experimental prediction is a light
dilaton field in the 0.1-10 GeV range that mixes with the Higgs. Part of the viable parameter space
has already been probed by measurements of rare B-meson decays, and the rest will be fully explored
by future colliders and experiments searching for light, weakly-coupled particles.

INTRODUCTION

While the discovery of the Higgs boson at the Large
Hadron Collider [1, 2] marked a triumph for the Stan-
dard Model of particle physics, the measured values of its
mass and vacuum expectation value (VEV) remain un-
explained. The Higgs VEV determines the mass scales of
all elementary particles in the Standard Model (SM) and
hence greatly influences all phenomenology at the weak
scale and below, including, for instance, the stability of
nuclei and stars.

In the SM the Higgs mass squared m2
H corresponds to

a relevant operator not protected by any symmetries; it
is therefore expected to be sensitive to new physics at
high scales and receive corrections hierarchically larger
than its measured value. In the absence of new mass
scales beyond the SM this would be a moot point, but
several physical thresholds exist that require the appear-
ance of new physics, in particular the unification scale at
MGUT ∼ 1014mH , (which avoids the U(1)Y Landau pole
at higher scales), and ultimately quantum gravity at the
Planck scale MPl ∼ 1017mH .

The traditional approaches for explaining the lightness
of the Higgs boson relative to these scales predict new col-
ored particles around a TeV. These approaches are under
ever-increasing experimental pressure, since the Large
Hadron Collider (LHC) did not discover any evidence for
physics beyond the SM at the TeV scale [3, 4]. It is then
natural to wonder whether there are other approaches
to the problem that are not tied to the appearance of
new particles at a TeV, or more specifically observable
“top partners”. One well-known idea is neutral natural-
ness. In its classic implementation, twin Higgs [5], the
top partners interact only very weakly with the SM and
are not produced at observable rates at colliders. These
models, however, generally predict deviations in Higgs
coupling measurements at the LHC that have not yet
been observed.

A radical departure from these symmetry-based solu-
tions are mechanisms for cosmological selection of the
Higgs mass [6–11]. In these approaches, the corrections
to the Higgs potential from high energy scales are unsup-
pressed; the lightness of the Higgs is instead realized by
the cosmological dynamics of new fields.

The most extreme break with standard BSM lore is to
rely on a fully anthropic reasoning for the existence of
a light Higgs in the context of a multiverse with sev-
eral patches, each corresponding to a different Higgs
mass/VEV. This approach has been advocated by [12]
and is also partly the motivation behind split SUSY mod-
els [13].

We introduce a novel approach to the Higgs hierarchy
problem that incorporates the most appealing elements
from the three classes of solutions described above. The
Higgs VEV plays a dominant role in the existence of a
vacuum where the cosmological constant (CC) can be
positive, allowing for inflation and post-inflationary ex-
pansion of the universe. To this end, we introduce a
spontaneously broken CFT which has a large and neg-
ative vacuum energy in its true ground state leading to
an immediate cosmic crunch. This sector is charged un-
der the EW gauge group and couples to the fundamental
Higgs field. If the Higgs VEV is sufficiently small—but
not zero—the mixing of the Higgs with the dilaton field
(setting the scale for the breaking of scale invariance)
can generate a second, cosmologically long-lived vacuum
with a small positive CC. The selection of a small Higgs
VEV is thus dynamical and happens during the early
history of the Universe. For this to be possible we need
Higgs VEVs close to the weak scale to have an O(1) effect
on the dilaton potential. This is naturally realized as a
consequence of scale invariance, like in symmetry-based
solutions to the hierarchy problem.

As in the anthropic approach, we assume the presence
of a multiverse with a large number of causally discon-
nected Hubble patches, each having a different Higgs
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mass parameter. Only patches where the Higgs VEV
is O(100 GeV) survive crunching and undergo inflation,
leading to a dynamical selection of regions with small
Higgs mass/VEV that appear unnatural to a low energy
observer. In contrast to the regular anthropic approach
where the Higgs is typically much heavier in most of the
universe, here electroweak (EW)-scale masses dominate
the universe on cosmological time scales.

Our mechanism is fully testable, making several ex-
perimental predictions for current and future colliders.
First, we expect KK partners of the Higgs and elec-
troweak gauge bosons to lie close to the EW scale, but
we do not predict any light top partners. In fact, our
EW KK states have nothing to do with the cancellation
of quadratic contributions to the Higgs mass. Current
LHC bounds on such states stretch to the TeV range,
generating a “little hierarchy” in our model.

Second, due to this little hierarchy, the dilaton must
be light, below ∼ 10 GeV—testable in rare B decays,
searches for weakly-coupled light particles, future preci-
sion Z experiments, and heavy-ion collisions. UV com-
pletions of the model that can generate the little hierar-
chy without fine-tuning will likely require a form of su-
persymmetry that results in a split SUSY-like spectrum.

THE BASIC CONCEPT

We assume a landscape of Higgs mass values with a
cutoff at the scale Λ:

VH(H) = −m2
H,iH

†H + λ(H†H)2 (1)

where a typical m2
H,i is O(Λ2). We remain agnostic as to

how this landscape is generated and populated.
We introduce dynamics which can support the expan-

sion of the universe only when the Higgs VEV, h ≡ 〈H0〉,
is in a finite range,

HI . hmin . h ≤ hcrit ' O(1 TeV) , (2)

and cause an immediate crunch for other values. In
the above equation HI is Hubble during inflation. Such
dynamics excludes all positive and large negative mass
terms for the Higgs, and only values of the VEV below
the weak scale survive inflation. The mechanism is not
sensitive to the minimal value hmin, which can be gener-
ated in many ways briefly discussed in the Cosmological
Constraints Section.

The dynamics needed to achieve this is based on the
mixing of the Higgs with a spontaneously broken CFT—
or a bulk Higgs in the AdS picture with the Higgs poten-
tial, Eq. (1), on the UV brane. The CFT is spontaneously
broken via the Goldberger-Wise (GW) mechanism, with
the GW minimum for the dilaton 〈χ〉 = χGW above Λ
and the scale of inflation MI '

√
MPlHI , so that the

total vacuum energy in this minimum is always negative,

even during the slow-roll regime of inflation. Any patch
in which the dilaton has reached this minimum crunches.
The heart of our mechanism is the generation of a sec-
ond minimum for the dilaton by the bulk Higgs VEV, for
which the vacuum energy is subdominant to the inflaton
vacuum energy; any patch in this second minimum then
goes through inflation without crunching. This minimum
only exists for a finite range of small Higgs VEVs, set by
the parameters of the bulk Higgs. Therefore, only this
range of VEVs survive after inflation and until today.
These small values are not typical in the landscape, thus
generating a hierarchy and an apparent naturalness prob-
lem. We assume that one of the usual mechanisms (such
as scanning in the multiverse plus anthropic selection)
ensures a small positive CC in the shallower metastable
minimum, while it cannot overcome the large negative
energy of the true minimum.

RS MODEL

We use the 5D warped description [14] of the CFT with
the Higgs field in the bulk of AdS space

ds2 =

(
R

z

)2

(ηµνdx
µdxν − dz2) . (3)

Here R = 1/k is the AdS curvature and the location
of the UV brane, while R′ is the location of the IR
brane, with χ = 1/R′ identified with the dilaton/radion
field [15–17]. Note that the dilaton defined this way is
not canonically normalized—its kinetic term is

3(N2 − 1)

4π2
(∂µχ)2 (4)

where N is the number of colors in the dual CFT picture,
related to the 5D parameters by N2 − 1 = 16π2(M∗R)3,
where M∗ is the 5D Planck scale.

The GW stabilization field [18] gives rise to the usual
GW potential for the dilaton [17] that we parametrize as

VGW(χ) = −λχ4 + λGW
χ4+δ

kδ
. (5)

The χ4 term is scale-invariant and in the RS framework
can be understood as the effect of some mistuning of
the tension of the IR brane and the bulk CC. The χ4+δ

term is the effect of the small explicit breaking 1 of scale
invariance by an operator with anomalous dimension δ

1 The dilaton is a non-compact Goldstone boson, thereby evad-
ing the type of generic problems a shift symmetric relaxion field
poses [19], while its potential can still be controlled by the
amount of explicit breaking of scale invariance, except for the
quartic term which is fully scale invariant.
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in the 4D CFT. In the RS picture it is generated by the
GW scalar bulk mass.

The novel pieces of the potential necessary for generat-
ing the Higgs-dependent second minimum arise from the
dependence of the Higgs potential on the location of the
IR brane R′. We assume that the Higgs field is sourced
on the UV brane where the usual χ-independent part of
the potential in Eq. (1) arises from. The additional terms

VHχ(χ,H) = λ2|H|2
χ2+α

kα
−λHε|H|2

χ2+α+ε

kα+ε
−λ4|H|4

χ2α

k2α

(6)
arise from IR-localized interactions. Assuming the bulk
mass of the Higgs is m2

b (in units of R) the Higgs VEV

will scale as z2±
√

4+m2
b . We can easily show that the ef-

fect of a UV source HUV will be a Higgs field that scales

on the IR brane as HUVχ
√

4+m2
b−2 = HUVχ

α
2−1, where

α = 2
√

4 +m2
b − 2. Hence, a brane-localized quadratic

term will yield a localized potential |H|2χ2+α, while a lo-
calized quartic will result in |H|4χ2α. An additional de-
pendence on the dilaton can be generated if we also intro-
duce localized terms that include the GW scalar Φ ∼ zε,
or any other field with an approximately marginal dimen-
sion. This gives a modified quadratic term of the form
|H|2χ2+α+ε, completing the terms outlined in Eq. (6).

The detailed CFT interpretation of this mechanism is a
spontaneously broken conformal sector, stabilized by the
VEV of a marginal operator OGW , as in the standard
GW stabilization of the dilaton. The “techni-quarks” of
the CFT sector are charged under the EW gauge group
and can form an SU(2) doublet operator OH of dimen-
sion 3 + α/2 which couples linearly to a fundamental

Higgs, i.e. O†HH. If we also assume the presence of
a marginal operator needed for GW stabilization Oε of
dimension 4 + ε, which may or may not be the same op-
erator as OGW , we can have the following deformations
in the UV action:

λ̃HO†HH + λ̃εOε . (7)

The effective potential for these terms in the IR can be
expanded as:

Veff = a0χ
4 + a1λ̃

2
HH

2χ2+α + a2λ̃
4
HH

4χ2α

+ a3λ̃εχ
4+ε + a4λ̃ελ̃

2
HH

2χ2+α+ε + ... (8)

where ai are the coefficients of the expansion. We see
that we reproduce the terms in the potential of Eq. (6).
In essence, the fundamental Higgs acts as an additional
stabilizing force on the CFT, generating a second stable
minimum for the dilaton.

Lastly, we assume that the couplings λ, λGW, λ2, λHε,
and λ4 are all positive.

DYNAMICS OF THE DILATON-HIGGS
POTENTIAL

Let us now investigate the dynamics resulting from the
Higgs-dilaton potential

V (χ,H) = VGW(χ) + VHχ(χ,H) + VH(H), (9)

where VGW and VHχ are given in Eqs. (5)–(6) and VH
is the UV brane-localized SM Higgs potential in Eq. (1).
To ensure that the Higgs mass is still dominated by VH
we take the exponent α in Eq. (6) to be positive and not
too large, implying m2

b ' −3 (and hence a Higgs field
linear in z). We also take VGW to be subdominant to
VHχ at small values of χ, around the VHχ minimum.

For a finite range of Higgs values the χ potential admits
two minima, one generated by VGW and the other by
VHχ. Above the critical value of the Higgs VEV hcrit the
latter disappears, leaving only the GW minimum (see
Fig. 1). The minimum also disappears when the Higgs
VEV is zero. However, to have a realistic cosmological
history we need to modify the low χ behaviour of the
potential. This generates a non-zero minimal value of
the Higgs VEV hmin for the second potential minimum
to exist. This modification does not affect any of the
dynamics that we discuss below, and so we defer its study
to the Cosmological Constraints Section.

The Higgs VEV in our part of the universe must be
smaller than hcrit, or the dilaton would have rolled down
to the GW minimum, resulting in a crunch. We will
show that there is a range of Higgs VEVs for which the
metastable vacuum exists and survives until today. This
range is close to hcrit, hence the value of the Higgs VEV
in our Hubble patch should lie just below hcrit without
any associated tuning.

If we neglect VGW at small χ, hcrit can be computed
by finding the value of h for which ∂χVHχ has only one
zero:

hcrit = k

(
λ2

λHε

4− α2

(2 + ε)2 − α2

) 1−α/2
ε

√
λ2

λ4

ε(2 + α)

2α(2− α+ ε)
.

(10)
When h = hcrit, VχH(χ, h) has a single critical point (an
inflection point), as shown in Fig. 1, which lies at

χcrit = k

(
λ2

λHε

4− α2

(2 + ε)2 − α2

)1/ε

. (11)

For h . hcrit, we can also estimate the second minimum
of the χ potential as

χmin '
(
h2

kα
2αλ4

(2 + α)λ2

) 1
2−α

(12)

neglecting the λHε term, which is suppressed at the min-
imum by (χmin/k)ε relative to λ2.
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〈H〉 = 175 GeV (< Hcrit)
〈H〉 = 185 GeV (= Hcrit)
〈H〉 = 195 GeV (> Hcrit)

0 5× 10
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40

χ [TeV]

V
(χ

,
H
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V
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-0.1 0 0.1

(χ - χcrit) [TeV]

FIG. 1. The dilaton potential V (χ,H) = VGW(χ)+VHχ(χ,H)
for three different values of the Higgs VEV 〈H〉, using k =
108 TeV, λGW = 1.2 × 10−5, λ = 1.1λGW, λ2 = 0.005,
λH,ε = 0.018, λ4 = 3, δ = 0.01, α = 0.05, and ε = 0.1.
The true vacuum is depicted in the main figure while the
second minimum is visible in the inset; note the potentials
are shifted so that the inflection point χcrit lies at the origin.
As the Higgs VEV is increased beyond hcrit = 185 GeV the
second minimum disappears.

For small ε a mild hierarchy between couplings
λ2 . λHε can generate a large hierarchy of scales
hcrit, χcrit, χmin � k. χmin sets the size of the extra di-
mension, hence determining the mass scale of new states
potentially observable at colliders. The little hierarchy
problem is reflected in the need to impose a mild hierar-
chy between h and χmin

h

χmin
' hcrit

χmin
. 0.1 . (13)

This implies a hierarchy of couplings λ2, λHε < 10−2αλ4

that we discuss in detail in the Section dedicated to NDA.
The most interesting consequence of this little hierar-

chy is the prediction of a light dilaton. Its mass for small
ε, α and δ is

mχ ' mh

√
h

χmin

π sin θ√
6N
− 8π2(λ− λGW)

N2

χ2
min

m2
h

, (14)

where

sin θ ∼ (λ2 − λHε)
N

hχmin

m2
h

(15)

parametrizes the dilaton mixing with the Higgs and we
have included the contribution of VGW to the dilaton
mass. We explore the dilaton phenomenology in the next
Section.

As stated above, the previous analysis is valid only
if the GW potential is subleading to VχH around χcrit,
leading to an upper bound

λ ∼ λGW .
λ2

2

λ4
. (16)

If VGW dominates over VχH at χcrit, it washes out the
metastable minimum.

PHENOMENOLOGICAL CONSEQUENCES

While we are dealing with a warped 5D model, the
essence of our mechanism for a light Higgs (and hence the
experimental predictions) is completely different from a
vanilla holographic composite Higgs model. Our theory
does not have top partners, light or heavy; they play no
role in the stabilization of the Higgs hierarchy. There are
no KK gluons either. There have to be KK electroweak
gauge bosons, since the Higgs propagates in the bulk,
but they do not have to be light and also play no role in
stabilizing the hierarchy. The Higgs gets a large fraction
of its potential on the UV brane, and can be thought of
as a mixture of elementary and composite states.

The most salient phenomenological feature of our
model is the existence of a light dilaton, as shown in
Eq. (14). Due to its mixing with the Higgs it inherits
all SM Higgs couplings suppressed by the mixing angle
θ. In addition to these, the dilaton has direct couplings
to the SM fields. Since the SM fermions are assumed to
be localized on the UV brane and the dilaton is localized
predominantly on the IR brane their direct couplings are
negligible. In contrast, electroweak gauge bosons propa-
gate in the bulk and their direct coupling to the dilaton
is given by [16, 20]

χ

2χmin log R′

R

(F 2
µν + Z2

µν + 2W 2
µν) . (17)

The direct couplings to the Z,W mass terms are a small
correction to those obtained from the mixing with the
Higgs, and their effects can be neglected.

The mass of the dilaton has a lower bound determined
by the contribution from VGW. Given that we need
λGW . λ to have a second minimum at large values of
χ, the VGW contribution to the dilaton mass is always
negative at the metastable minimum. Therefore, if we
do not tune the two terms in Eq. (14), mχ > 0 implies

mχ & 2π
χmin

N

√
2(λ− λGW) . (18)

Numerically χmin ' TeV, N . 40 and λ, λGW & 10−6,
from the arguments in the next Section, so we expect
a lower bound of O(100) MeV. We also have an upper
bound that can be easily obtained from Eq. (14): mχ .
0.2mh. This bound is harder to saturate because the
maximum value of sin θ is limited by the need to take λ2

to be O(10−2). As stated earlier, this requirement arises
from the little hierarchy problem, which we explore in
detail in the next Section.

In summary, we have a dilaton with mass 0.1 GeV .
mχ . 10 GeV and couplings to fermions proportional
to sin θ ∼ m2

χ/m
2
h. The direct coupling to photons in

Eq. (17) plays an important role in its phenomenology,
giving an O(1) correction to its branching ratios.

To explore the properties of this dilaton and the ex-
perimental constraints on it, we randomly generated 105
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points in the parameter space, fixing the parameters
k = 1011 GeV, δ = 0.01, N = 3 and α = 0.05, while
uniformly sampling the other parameters from the ranges
λGW ∈ (0.5, 1.5) × 10−5, λ2 ∈ (0.5, 1.5) × 10−2, λHε ∈
(2, 4) · λ2, λ4 ∈ (2, 3), and ε ∈ (0.03, 0.1). We also took
λ = 1.1λGW and set the Higgs VEV 〈H〉 ' 174 GeV.
The parameter values chosen here reflect the little hier-
archy hcrit/χmin . 0.1 and VGW . VHχ at χmin. This
is explained further in the next Section. To probe lower
dilaton masses, we performed a similar analysis of 5×104

points, choosing N = 8, α = 0.1, λGW = 2 × 10−6,
λ2 ∈ (0.5, 1) × 10−2, and ε ∈ (0.05, 0.1), while keeping
the other parameters the same. Points were excluded
from our analysis if they failed to satisfy the following
four criteria:

• The metastable vacuum must exist and be located
at χcrit > 1 TeV.

• hcrit ≤ 2 TeV so the Higgs VEV is natural.

• The metastable vacuum reproduces the SM values
of the Higgs mass and VEV and corresponds to a
stable local minimum of the 2 dimensional poten-
tial.

• The O(4) bounce action S4 between the two poten-
tial minima is at least O(200) so that tunnelling is
suppressed.

The bounce action (see [21]) was computed by numer-
ically solving the Euclidean equation of motion, using
the shooting method to satisfy the boundary conditions.
Due to the normalization of the dilaton kinetic term, S4

scales with N as (N2 − 1)2. In practice the bounce ac-
tion is quite large: even for our smallest choice of N = 3
(set by perturbativity of 5D gravity, discussed in the next
Section), it is at least O(104) for points that satisfy the
other three criteria. Tunnelling to the GW minimum
is therefore sufficiently suppressed for these points, with
any value of N .

The results of the two scans are plotted in Fig. 2.
We indicate the relevant experimental bounds from rare
B meson decays [22, 23], adapted from [24, 25]. The
strength of this constraint depends on the branching ra-
tio of the dilaton to leptons, which is suppressed by the
direct coupling to photons. Once the kinetic term nor-
malization is taken into account, this coupling scales as
1/
√
N2 − 1 (see Eq. (17)), and hence the B decay bound

is stronger for N = 8 than N = 3. The region in the mχ–
sin θ plane populated by the two scans can be understood
from Eq. (14): the points approximately fall on the curve
mχ ∼

√
sin θ, with upper (lower) bounds determined by

the values of λ2,Hε (λ, λGW).
There are two regions in the parameter space free of

bounds around 0.5–1.5 GeV and 5–7 GeV. These could
be probed at LHCb with more B decay data, which will
be collected during Run 3 of the LHC; at future searches

for hidden, light particles, particularly the beam dump
experiments SHiP [26] and SeaQuest [27, 28] and the col-
lider experiments FASER [29, 30], CODEX-b [31, 32] and
MATHUSLA [33, 34]; and with a Tera-Z program at fu-
ture lepton colliders such as the FCCee or CepC [25, 35–
37], as illustrated in Fig. 2.

Finally, in Fig. 3 we plot the dilaton coupling to pho-
tons 1/Λγγ for each point in our scans, alongside current
and projected experimental bounds adapted from [38].
These bounds provide constraints on the model that are
independent of sin θ. We normalize the coupling such
that the dilaton-photon interaction term is 1

4Λγγ
χ̃F 2

µν ,

with χ̃ the canonically normalized dilaton. The region
of parameter space populated by our model evades the
existing bound from LEP searches for e+e− → γχ →
3γ [39, 40], but it could be probed at a future lepton
collider through the same search channel [38, 41]. Note
that the latter bound (Fig. 3, blue line) assumes a 100%
branching ratio of the dilaton to photons. This is not
exactly true, but the branching ratio is always at least
∼ 10% and the strength of the bound scales as its square
root; thus, even after taking this effect into account, a
future lepton collider would indeed probe our model.
Lead ion collisions at the LHC also constrain the pa-
rameter space for mχ & 5 GeV, through searches for
γγ → χ → γγ in peripheral collisons. At higher lumi-
nosity (10 nb−1) this bound would be sensitive to our
model [42, 43], while the current bound [44] does not
reach the sensitivity needed.

NDA AND TUNING

We have seen that the phenomenologically successful
models require small values of the couplings λ2, λ and
λGW. The reason behind this is simple: there is an up-
per limit on the brane-localized Higgs quartic λ4 ∼< 3 im-
posed by requiring that a Landau pole does not appear
before we hit at least a few KK modes. The value of χ
at the metastable minimum must be larger than 1 TeV
to avoid LHC bounds [48, 49], leading to λ4/λ2 ∼> 102

(see Eq. (12)), and hence λ2 ∼< 10−2. Finally, we must
ensure that the GW part of the potential does not over-
whelm the second minimum. In accordance with Eq. (16)
this yields λ, λGW ∼< 10−5. These values are quite a bit
smaller than one would expect from simple NDA in a
warped extra dimension. For example, λ2 arises from
a brane-localized mass term for the bulk Higgs scalar,
which is expected to be quadratically divergent, leading

to λ2 ∼ 1
16π2

Λ2

χ2 , where Λ is the local cutoff.2 Similarly,

2 Note that λ2 will also get a contribution from bulk loops since
it corresponds to a mismatch between bulk and brane terms.
However, since the brane term dominates the NDA, we restrict
ourselves to that.
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FIG. 2. The dilaton mass mχ and its mixing angle with the Higgs sin2 θ for randomly sampled points from our model. We
use different choices of parameter ranges in the two panels, which are detailed in the main body of the text. We show current
bounds from B meson decays at LHCb [22, 23] (blue and red shaded regions), adapted from [24, 25]. We estimate updated B
decay bounds following Run 3 of the LHC (purple lines), assuming an integrated luminosity of 15 fb−1 [28]. We also include
projections for bounds from SHiP [26], MATHUSLA [33, 34], CODEX-b [31, 32], FASER [29, 30], and SeaQuest [27, 28] (dashed
lines, right), as well as from Z → Z∗χ and e+e− → Zχ at the FCCee running on the Z pole (Tera-Z) [25] (dotted black line,
left), rescaled from the corresponding LEP limits [35, 36].
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SN1987a
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FIG. 3. The dilaton mass mχ and its coupling to photons
1/Λγγ for randomly sampled points from our model. We
include points from the two choices of parameter ranges in
Fig. 2. We show bounds, adapted from [38], from searches at
LEP for e+e− → γχ → 3γ [39, 40] (turquoise), beam dump
experiments [45] (red), supernova SN1987a [46, 47] (orange),
and γγ → χ → γγ in lead ion collisions at the LHC with
2.2 nb−1 of data [44] (purple). We also include projections
for an FCCee search for e+e− → γχ → 3γ [38, 41] (blue
line) and for lead ion collisions with 10 nb−1 of data [42, 43]
(purple line).

the GW quartic λ has been estimated in [50] and is given

by λ ∼ 1
16π2

Λ4

χ4 . We can see that in order to minimize
the tuning we should lower the local cutoff scale such
that Λ ∼< χ. In this case the natural value for λ2 will

be approximately ∼ 10−2 as needed. Depending on the
actual value of Λ ∼< χ there may be some tuning still left
in the the GW potential. For example, if Λ ∼ χ we get

a tuning of around a percent corresponding to the usual
little hierarchy problem. If the Higgs VEV was a fac-
tor of ∼ 10 larger the NDA value for λ would have been
sufficently small since χ could also have increased.

Whether one can achieve Λ/χ ∼< 1 depends on the par-
ticular UV completion of the theory. One simple way
to do it is to impose that the bulk is supersymmetric,
while SUSY is broken on the UV brane (and also sponta-
neously broken on the IR brane to allow the generation
of the dilaton quartic χ4). This would be along the lines
of [51], and imply that the fields in the bulk have light su-
perpartners. While a complete discussion of such a setup
is beyond the scope of this paper, we outline a simple
scenario without tuning. A high SUSY breaking scale on
the UV brane ensures that all sfermions are ultra-heavy.
The structure of SUSY breaking on the UV brane keeps
the electroweak gauginos and Higgsinos light, of order a
few hundred GeV, as in split SUSY models. In this case
the IR brane cutoff relevant for λ would be lowered to the
gauino mass scale and λ ' 10−5 would be fully natural.

For completeness let us also discuss the bounds on
N , which are important for establishing the phenomeno-
logically viable regions of the dilaton mass and mixing
angle. Requiring that the 5D gravitational theory is
not strongly coupled (i.e. the 5D AdS scalar curvature
20/R2 is smaller than the 5D cutoff Λ3 ∼ 24π3M3

∗ ) yields
N ∼> 3. Assuming that the gravitational KK modes have
approximately the same 1/N suppression as the weak
gauge KK modes, and using the matching of weak gauge
couplings, we get an upper bound N ∼< 40 .
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COSMOLOGICAL CONSTRAINTS

Finally, we consider the cosmological constraints on
our model. First, as outlined in Eq. (2), we need to en-
sure that the Hubble scale during inflation is below the
electroweak scale, so that the dilaton potential can be
sensitive to Higgs VEVs of O(TeV). This requires the
scale of inflation MI to be below the intermediate scale√
MWMPl ' 107 TeV. Generically, to avoid a contribu-

tion to the vacuum energy from the UV completion of the
Higgs sector which dominates over the inflaton sector, we
require Λ < MI < 107 TeV, where Λ is the cutoff of the
Higgs sector. (However, recall from the previous Section
that to have a natural Higgs-dilaton potential new states
carrying EW charges must appear well below this scale.)
We also require that the energy density in the true vac-
uum is indeed always negative—i.e. λχ4

GW > M4
I , which

results in k & 17MI for λ ' 10−5. In addition, if we
assume that the cosmological constant problem is solved
via a standard anthropic mechanism, we need to require
that the highest possible CC in the landscape is below
∼ λχ4

GW , so that all patches reaching the true minimum
of the GW potential crunch. This condition may natu-
rally arise for an O(Λ) SUSY breaking scale on the UV
brane.

A second important requirement is that quantum dif-
fusion never dominates over classical evolution. This pre-
vents patches with the wrong value of h to enter a phase
of eternal inflation. We want to ensure that for a Higgs
VEV large enough or small enough such that the dilaton
potential has only one minimum with a negative CC, the
dilaton does indeed roll to that minimum during inflation
and does not get stuck in an eternally inflating phase. For
large Higgs VEVs, the second derivative of the dilaton
potential is always at least of O(v2 ' (174 GeV)2) (see
Eq. (6)) and so classical rolling dominates over quantum
diffusion, since we already imposed that the Hubble scale
is less than the electroweak scale.

The case of a small or vanishing Higgs VEV could po-
tentially be more problematic. Once the Higgs VEV is
zero, the χ potential is a pure χ4 term even for very small
values of χ, leading to a very small second derivative near
the origin. Hence for any choice of the Hubble scale dur-
ing inflation there are regions which support eternal infla-
tion. This can be avoided by a simple modification of the
model following the ideas of [52, 53], which was also used
in [54]. We include an additional term λγχ

γΛ̃4−γ in the χ
potential, corresponding to explicit breaking of scale in-
variance at the scale Λ̃� k. This term does not change
our analysis for χ � χ∗, defined as the scale where the

effective quartic coupling blows up, i.e. χ∗ ∼ Λ̃λ
1

4−γ
γ .

At χ . χ∗ the potential is dominated by the explicit
breaking term, which signals that for χ . χ∗ the descrip-
tion in terms of a dilaton breaks down. In that region
we expect the effective potential to be dominated by the

mass scale χ∗, and effectively behave as if a negative
mass term of order χ2

∗ was generated. Such an explicit
breaking term can be generated by any relevant operator
which has a negligible coupling in the UV and grows to
be O(1) in the IR. One such realization could be to have
the SM QCD (or a BSM QCD-like gauge theory) in the
bulk. To see how this term emerges we can find the RG
evolution of the gauge coupling for the group in the bulk,
assuming the presence of a UV and IR brane [20, 52]:

1

g2(Q,χ)
=

log k
χ

kg2
5

− bUV

8π2
log

k

Q
− bIR

8π2
log

χ

Q
+ τ (19)

where Q is the running scale and the dependence on χ is
introduced due to the finite size of the extra dimension.
τ = τUV + τIR contains the brane-localized kinetic terms
and bUV,IR are the 4D β-functions on the two branes.
Note that Eq. (19) is valid only for Q < χ. From Eq. (19)
we get the χ dependence of the dynamical scale of the
bulk gauge group

Λ̃(χ) =

(
kbUVχbIRe−8π2τ

(χ
k

)−bCFT
) 1
bUV+bIR

= Λ0

(
χ

χmin

)n
.

(20)

For our benchmark point of χmin ' 1 TeV and 〈H〉 = 0,
QCD in the bulk gives Λ̃(χmin) ∼ ΛQCD ∼ 100 MeV.
The lower bound on n is n ∼> 0.1, which results in χ∗ ∼
10 − 100 MeV ∼ ΛQCD. To avoid eternal inflation we
have to take the highest Hubble constant in the landscape
to be just below χ∗. Assuming that the corresponding
cutoff also sets the scale of the CC landscape, we find that
Λ <

√
χ∗MPl ∼< 105 TeV. If we use a different relevant

operator, e.g. by having a dark gauge group with a higher
confining scale, the cutoff can be taken all the way to
107 TeV. This addition also generates a minimal value
for the Higgs VEV hmin below which the universe will
crunch. This will occur when the corresponding χmin is
of order χ∗, and so hmin ∼ 0.1χ∗ (see Eq. (12)). Note
that including QCD in the bulk has also an impact on
the light dilaton phenomenology whose study we leave to
future work.

Thus we see that our mechanism can successfully avoid
eternal inflation as long as QCD or another QCD-like
group is in the bulk. The resulting upper bound on the
cutoff is 105–107 TeV, depending on the implementation,
and our solution is compatible with the usual anthropic
solution of the CC problem. This gauge dynamics in the
bulk also ensures that even if the CFT goes to the high
temperature symmetric phase after reheating, which is
the case for a high reheating temperature, it will transi-
tion to the Higgs generated minimum when the temper-
ature is close to χ∗. It would be interesting to study the
cosmological implications of this phase transition not far
from BBN (for the study of the dilatonic phase transition
see e.g. [52, 53, 55–57]).
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SUMMARY AND OUTLOOK

We have presented a new approach to the electroweak
hierarchy problem, connecting the Higgs mass to cosmo-
logical stability and the possibility of viable inflationary
and post-inflationary expansion. In this mechanism the
Higgs and electroweak gauge fields live in the bulk of a
5D RS model. However, unlike the original RS construc-
tion [14] and subsequent composite Higgs models [58, 59],
a sizeable fraction of the Higgs mass arises from the UV
brane and strongly affects the dynamics of the dilaton. In
particular, a second, shallower minimum for the dilaton,
with a non-negative CC, is generated in addition to the
regular GW-stabilized true vacuum. In the true vacuum
the CC is assumed to be large and negative, leading to a
rapid crunch of any patch in this minimum.

A second minimum is only generated when the Higgs
VEV is between the Hubble scale at inflation and the
TeV scale. As a consequence, only patches with m2

H < 0
and |m2

H | . TeV2 survive inflation and expand, giving
rise to the Universe that we observe today. Observers at
the weak scale initially conclude that the Higgs mass is
unnaturally small, but by probing higher energies they
can find that it is selected by the dynamics of the Higgs-
dilaton potential during inflation.

The most distinctive prediction is a light dilaton with
mass below 10 GeV and above 100 MeV, a consequence
of the little hierarchy between the EW scale and the
TeV scale enforced by LHC constraints. Part of the dila-
ton parameter space is already probed by existing data
from colliders, specifically measurements of rare B de-
cays [22, 23]. The remaining parameter space can be
probed by a future e+e− collider [35–37] and proposed
searches for light, weakly-coupled particles [26–34]. Ad-
ditionally, we expect new gauge and Higgs KK states to
appear at the TeV scale which may be accompanied by
gauge and Higgs super-partners, which, however, play no
role in canceling quadratic divergences. The physics of
this UV completion is left for future studies, but it could
lead to observable signals at the HL-LHC.
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