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Custodial naturalness is a recently introduced idea that combines conformal and scalar sector custodial
symmetry to address the electroweak (EW) scale hierarchy problem of the standard model (SM). We
introduce a new model that realizes custodial naturalness without extension of the SM gauge group. The
number of new dynamical degrees of freedom is minimized, and the custodial symmetry is reduced to SO
(5). This requires a new scalar singlet field that automatically is a good dark matter (DM) candidate,
produced via freeze-in with moderate couplings. The most minimal scenario allows the quantum critical
generation of the EW scale in a phenomenologically viable way requiring a UV completion at around
1011 GeV. Including ingredients for neutrino mass generation can push this scale to MPl.
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Introduction—Well-known mechanisms to prevent a
sensitivity of the Higgs mass to arbitrary new high scales
are supersymmetry or a composite Higgs. However, neither
does the Higgs appear to be composite, nor have top
partners been observed, which weighs on naturalness in
these proposals.
Instead of introducing a new scale at which any

“intrinsic” or “extrinsic” [1] hierarchy problem is solved,
a different route to a technically natural electroweak (EW)
scale could lie in the absence of “hard” scales altogether
[3]. Naively, at least one scale in the vicinity of MPl should
exist, but whether gravity itself poses an “extrinsic”
hierarchy problem is an open question. In particular, the
fine-tuning problem may not persist if all scales in nature
are generated dynamically.
Awell-known mechanism for dynamical scale generation

is “dimensional transmutation” á la Coleman-Weinberg
(CW) [4], which naturally happens in the quantum critical
regime of scalar self-couplings. And, indeed, experimental
data within 1σ points to a quantum critical value of the
Higgs self-coupling at a high scale [5–7]. Nonetheless, CW
in the standard model (SM) is excluded experimentally, as it
requires mt ≲mZ and mh ≲ 10 GeV [8,9]. As a remedy,
dimensional transmutation could happen in an extended

scalar sector to dynamically induce the EW scale via the
Higgs portal [10–20]. However, this typically introduces a
little hierarchy problem. The mechanism of “custodial
naturalness” [21,22] improves on this situation by explain-
ing quantum critical dynamical scale generation, including a
technically natural suppression of the EW scale, exclusively
elementary fields in a perturbative regime, and a marginal
top Yukawa coupling as in the SM, without the requirement
of top partners.
Using the vanilla CW scenario with the U(1) gauge

group leads to a model with SO(6) custodial symmetry and,
in the minimal case, the same number of free parameters as
the SM [21]. Here, we introduce an alternative realization
of custodial naturalness with minimized field content. This
reduces the custodial symmetry to SO(5), while the number
of parameters is (at least) one more than in the SM.Without
a new gauge group and associated Z0 boson, the model
becomes much harder to test at colliders. On the flipside,
however, there is a new scalar that automatically is a good
dark matter (DM) candidate. References [23,24] have
previously studied the same particle content in scale
invariant settings and the intriguing connection to multi-
phase criticality [24–26], however, without the extra
ingredient of custodial symmetry.
Hidden sector custodial naturalness—The SM is

extended by two real scalars, ϕ and S (see Table I). The
SO(4) custodial symmetry [27] of the SM is promoted to
SO(5), where ϕ and the four real scalars of the SM Higgs
doublet H form a 5 plet under custodial symmetry.
Spontaneous scale generation á la CW requires additional
bosonic contributions to the full effective potential, which
is the raison d’être for the custodial singlet S.
At the scale μ ¼ Λhigh, where SO(5) custodial symmetry

and classical scale invariance are realized, the potential is
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given by

V ¼ λ

�
jHj2 þ ϕ2

2

�
2

þ λ5S
2

�
jHj2 þ ϕ2

2

�
S2 þ λS

4!
S4;

with real couplings λ, λ5S, and λS. As a consequence of
classical scale invariance and custodial symmetry, S obeys
an exact Z2 symmetry, which stabilizes it as a DM
candidate.
Both the conformal as well as the scalar sector SO(5)

custodial symmetry are broken by quantum effects, and this
determines the phenomenology at scales below Λhigh.
Custodial symmetry is explicitly broken by SM gauge
and Yukawa interactions—most dominantly by the top
Yukawa coupling yt. The situation is similar to the one
discussed in [21,22]. A vacuum expectation value (VEV),
predominantly along the ϕ direction, dynamically breaks
classical scale invariance and SOð5Þ → SOð4Þ. The radial
mode dilaton hϕ is the pseudo-Nambu-Goldstone boson
(pNGB) associated with spontaneous scale symmetry
breaking. The spectrum of pNGBs of custodial breaking
consists solely of the very SM-like Higgs boson h, while
three would-be Nambu-Goldstone modes get eaten by the
gauge fields of SUð2ÞL × Uð1ÞY in the cause of EWSB. S is
rather independent of the other scalars as it is not a pseudo-
Goldstone mode and does not obtain a VEV, hSi ¼ 0;
hence, it also does not mix with the other scalars.
A simple extension of the most minimal model is to add

three generations of right-handed (RH) neutrinos N (see
Table I), which introduces a BSM source of explicit
custodial symmetry breaking given by the Yukawa cou-
plings,

LYuk ¼
1

2
yNϕNN þ H:c: ð1Þ

This results in Lepton number violating N masses of the
size of the intermediate scale hϕi and light neutrino mass
generation via a type I seesaw [29]. In this extended
scenario, the Z2 symmetry of S must be imposed to ensure
DM stability.
Below Λhigh, the custodial symmetry does not hold, and

we parametrize the potential as

V ¼ λHjHj4 þ λHϕjHj2ϕ2 þ λϕ
4
ϕ4

þ λHS

2
jHj2S2 þ λϕS

4
ϕ2S2 þ λS

4!
S4: ð2Þ

The dominant custodial breaking by yt drives λH to a large
value while λϕ ∼ λHϕ and λHS ∼ λϕS stay close to each
other. The running for several phenomenologically viable
initial values is shown in Fig. 1. As required by the CW
mechanism, λϕ runs to quantum critical small values at low
scales. This results in a flat direction of the potential
pointing predominantly along the ϕ-field direction, ensur-
ing a hierarchy of VEVs,

vϕ ≡ hϕi ≫ vH ≡ ffiffiffi
2

p
hHi: ð3Þ

This establishes vϕ as intermediate scale of spontaneous
scale and custodial symmetry violation, while the EW scale
is custodially suppressed.
The scalar masses are approximately given by [30]

mhϕ ≈ βλϕv
2
ϕ ≈

λ2ϕS − 8y4N
32π2

v2ϕ; ð4Þ

m2
h ≈ 2ðλϕ − λHϕÞv2ϕ; m2

S ≈
1

2
λϕSv2ϕ; ð5Þ

where βgi denotes the beta function of a coupling gi.
Custodial symmetry ensures jλϕ − λHϕj ≪ 1, thereby
implying custodial suppression of the EW scale vH, which
obeys the SM relation v2H ≈m2

h=2λH.

TABLE I. Beyond the SM (BSM) fields of “hidden sector
custodial naturalness.” The minimal scenario has two real scalars
ϕ and S. The next-to-minimal model additionally contains right-
handed Fermions N.

Name No. of Gens. SUð3Þc × SUð2ÞL × Uð1ÞY Z2

ϕ 1 ð1; 1; 0Þ þ1
S 1 ð1; 1; 0Þ −1
N 3 ð1; 1; 0Þ þ1

FIG. 1. Running of scalar couplings below a scale Λhigh, where
SO(5) custodial symmetry is restored. The top (bottom) plots
show the running for the most minimal scenario (extension by
three right-handed neutrinos) for various parameter points that
reproduce the correct EW scale, Higgs, and top quark mass.
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A sufficient amount of custodial symmetry breaking is
crucial here to make λϕ − λHϕ large enough and of the right
sign. Otherwise, the EW scale is too suppressed or not
generated at all. The leading SM contribution to this
splitting is given by

βλHϕ
− βλϕ

����
SM

≃
λHϕ

16π2

�
−
9

2
g2L −

3

2
g2Y þ 12λH þ 6y2t

�
: ð6Þ

Including ϕ-N Yukawa couplings (1) adds a contribution,

βλHϕ
− βλϕ

����
yN

≃
y4N
4π2

: ð7Þ

The SM contribution by itself only yields a realistic EW
scale if the custodially symmetric boundary conditions are
required at a specific scale. That is, in the minimal model
without yN the possible values of Λhigh are predictions of a
correct low energy phenomenology [31]. As visible form
Fig. 1 (top), the minimal scenario is only viable for
Λhigh ∈ ½109; 1013� GeV. If one allows for an additional
source of custodial symmetry breaking, e.g., including yN ,
Λhigh can be pushed higher, e.g., Λhigh ∼MPl as imposed in
Fig. 1 (bottom). The top quark mass is sensitive to the
precise value of Λhigh, implying that a more precise
measurement of Mt can further constrain this scale.
Numerical analysis—To explore the parameter space, we

perform a numerical scan following the procedures
described in [21,22]. We use a numerical evaluation of
the one-loop effective potential and two-loop running in the
MS scheme with beta functions computed with PyR@TE
[32]. The intermediate scale ϕ0 and matching scale to the
SM μ0 are iteratively determined as self-consistent solution
to Eq. (A6) (see Appendix for definitions). At μ0, we
numerically minimize the one-loop effective potential to
compute the VEVs vϕ, vH, scalar masses, and couplings.
These are predictions of each model point. Integrating out
all heavy states, we match to the SM one-loop effective
potential below which we two-loop evolve to the top mass
(dilaton contributions are negligible). We select phenom-
enologically viable points that reproduce the electroweak
scale, physical Higgs, and top masses. We use [33] to relate
the top pole mass Mt and MS top Yukawa coupling.
For both model variations, the starting value (before

running up the first time) for μ̃0 is sampled in μ̃0 ∈ ½500;
106� GeV, with initial portal coupling λϕSjμ̃0 ∈ ½0; 0.2�, and
we fix λSjμ̃0 ¼ 0.5. In the minimal model, we randomly
sample the scale of custodially symmetric boundary con-
ditions in Λhigh ∈ ½106; 1017� GeV. By contrast, including
RH neutrinos, we fix Λhigh ¼ MPl while sampling the
additional source of custodial symmetry violation
within yN jμ̃0 ∈ ½0; 0.4� · ffiffiffiffiffiffiffi

λϕS
p jμ̃0 .

This results in a set of phenomenologically viable
parameters that reproduce the EW VEV, Higgs, and

top mass. The fine-tuning for all parameter points is
computed with a Barbieri-Giudice-type [34] measure

Δ ¼ maxgi Δ
hHi
gi − Δhϕi

gi , defined in [21,22]. The phenom-
enologically viable parameter space and required fine-
tuning for both model variations is shown in Fig. 2.
Fine-tuning is absent in the case of a high-scale Λhigh

but moderately present in the case without RH neutrinos.
The reason is that, due to the higher intermediate scale, the
Higgs mass is sensitive to the cancellation among the SM
parameters in Eq. (6).
There is a correlation between Higgs and top mass

shown in Fig. 3. For the scenario with Planck-scale Λhigh
(blue circles), this gives the same prediction as already
found in the SO(6) case [21,22]: the top pole mass Mt
should reside at the lower end of its currently allowed 1σ
interval. For the case without a new source of custodial
breaking, Λhigh is allowed to vary over a certain range of
scales. The prediction for the top mass correlates with Λhigh

as shown by the color coding in Fig. 3. MeasuringMt more
precisely would allow us to refine the value of Λhigh, where

FIG. 2. Viable parameter space of the model and required fine
tuning in order to reproduce the correct EW scale, Higgs, and top
mass. Stars denote the minimal scenario, while circles correspond
to the case that includes RH neutrinos.

FIG. 3. Correlation of the top pole mass Mt, Higgs mass mh,
and the scale of custodial symmetry Λhigh for the minimal case
(stars), as well as for the case with three RH neutrinos (blue
circles). All displayed points reproduce the correct EW scale.

PHYSICAL REVIEW LETTERS 137, 031801 (2026)

031801-3



higher top masses correspond to lower UV completion
scales.
Phenomenology—
Masses and mixing: We use a fully numerical mini-

mization of the one-loop effective potential and numerical
evaluation of all masses and mixing angles, thereby also
confirming the analytic approximations of Eq. (4) and
Appendix. The resulting masses and Higgs-dilaton mixing
angle θ for all viable parameter points are shown in Fig. 4.
In the minimal scenario, scalar masses are heavier and
range from 20 TeV≲mS ≲ 2 PeV for the DM candidate
and 1 TeV≲mhϕ ≲ 10 TeV for the dilaton. In the scenario
with RH neutrinos and a high UV completion scale, viable
points have 1 TeV≲mS ≲ 102 TeV and 30 GeV≲
mhϕ ≲ 1 TeV.
Including RH neutrinos, the neutrino mass matrix after

symmetry breaking is given by

Mν ¼
 

0 vH
2
ffiffi
2

p yD
vH
2
ffiffi
2

p yD yNvϕ

!
; ð8Þ

where yD represents the usual Dirac-type Yukawa cou-
plings of the Lepton doublet to RH neutrinos. Equation (8)
is the same as in the type I seesaw mechanism. Assuming
yNvϕ ∼ TeV, realistic active neutrino Majorana masses are
be obtained with yD ∼ 10−5.
Collider searches: The models discussed here are much

harder to test than in the case of SO(6) custodial naturalness
[21,22] due to the absence of a Z0 gauge boson.
Furthermore, there is no BSM source of custodial sym-
metry violation in the minimal case, implying that there are
no observable effects on electroweak precision. Including
yN does not change this much, as the only way in which the
EW sector is affected is through Higgs-dilaton mixing.
The leading signatures in the present case are very similar
to the SMþ scalar singlet extension (see, e.g., Ref. [35]).
In our case, the dilaton hϕ (not S) corresponds to the singlet
scalar target of simplified models. The Higgs-dilaton

mixing angle is approximately

tan θ ≈
2
�
λHϕ − λϕ −

λHSλϕS
64π2

	
m2

h −m2
hϕ

vϕvH: ð9Þ

The latest constraints on this can be found in [36,37] and
references therein. They are never more restrictive than
sin θ ≲ 0.1, which is true for all of our parameter points (see
Fig. 4), even in the “resonant” region where m2

h ∼m2
hϕ

and

Eq. (9) does not hold. Constraints on the mixing angle and
other scalar couplings will be considerably strengthened at
HL-LHC, as well as at future colliders like FCC-ee/hh and
Higgs factories like the ILC [37].
In contrast to the singlet scalar extension, the dilaton hϕ

has additional couplings to SM gauge bosons originating
from the conformal trace anomaly [38–40]. Effects of these
couplings are suppressed ∝ vH=vϕ and, therefore, currently
numerically irrelevant. Ultimately, however, these could be
instrumental to distinguish a dilaton from other scalar
extensions [41,42].
The DM candidate S couples to the SM only through its

coupling with the Higgs λHS (and subdominant Higgs-
dilaton mixing effects) and can only be produced in pairs
owing to the preserved Z2 symmetry. Together with masses
of S that reach up to the PeV scale, this realizes a
“nightmare” scenario for collider detectability of DM.
Dark matter: In the early Universe, our scenarios

feature a period of strong supercooling and thermal
inflation followed by a first-order phase transition (see,
e.g., the recent [43]). The subsequent reheating reaches
temperatures TRH ≲mS [43,44]. Hence, regular freeze-out
production of the DM candidate S is hampered.
Nonetheless, a sufficient DM relic density can be produced
via freeze-in at moderate couplings [45–49]. In this case,
stronger couplings to the SM bath (as compared to an
ordinary FIMP) allows for production of DM from the tail
of the Maxwell-Boltzmann distribution, if mS is not too far
above TRH. The yield of this production mechanism, hence,
is exponentially sensitive to TRH=mS. Owing to the
complicated dynamics of the phase transition, we can
currently not compute TRH; hence, we take it as a free
parameter [44].
We have calculated the DM relic density using

micrOMEGAs 6.0.5 [50] with model files generated
using SARAH-4.15.2 [51]. The results for all viable
parameter points are shown in Fig. 5 (left). For each value
of mS, there exists a reheating temperature in the narrow
range 20≲mS=TRH ≲ 30 for which the correct DM relic
density is obtained. In Fig. 5 (right), we show the
corresponding spin-independent direct detection cross sec-
tion and current constraints from XENON1T [52] and LZ
[53]. Hence, S is a viable DM candidate that can further be
constrained by direct detection searches. Explaining the
coincidence between DM and baryon relic density in this

FIG. 4. Correlation of the dilaton mhϕ and DM candidate mS
masses, also showing the corresponding Higgs-dilaton mixing
angle sin θ.

PHYSICAL REVIEW LETTERS 137, 031801 (2026)

031801-4



class of models requires a computation of TRH from first
principles. This is currently out of reach, just like comput-
ing the exact gravitational wave signals from the expected
bubble collisions after the strong first-order phase transition
(see, e.g., Ref. [54]). The diminished collider detectability
motivates further work in this direction because it renders
gravitational wave searches and DM direct detection the
most promising ways to test hidden sector custodial
naturalness.
Conclusion—We have presented a new minimal (in

terms of field content) realization of the idea of custodial
naturalness, where the Higgs boson arises as a pNGB of an
explicitly and spontaneously broken extended scalar sector
custodial symmetry. This explains the suppression of the
EW scale in a technically natural way. In the present case,
the extended high-scale custodial symmetry is given by SO
(5). This requires two BSM scalar fields, both singlets
under the SM gauge group. On the one hand, there is the
dilaton as pNGB of spontaneous and explicit scale sym-
metry breaking, which can be searched for at future
colliders and specifically Higgs factories through Higgs-
dilaton mixing. On the other hand, there is the DM
candidate S, which is produced through Boltzmann-sup-
pressed freeze-in at moderate couplings, and whose proper-
ties can further be constrained by direct detection
experiments. Other signatures of the model include gravi-
tational waves produced after a strongly supercooled first-
order phase transition, details of which have to be
worked out.
There are further theoretical questions about the mecha-

nism of custodial naturalness. Namely, how scalar (self-)
couplings can be made asymptotically free or safe and,
more generally, how custodially symmetric boundary con-
ditions can be obtained in UVembeddings, which would be
crucial to claim a full solution to the entire hierarchy
problem. This would be particularly interesting in scenarios
of grand unified theories or theories where the Planck
mass itself is spontaneously generated by a breaking of

conformal invariance. This connects to the important
question of whether or not the dynamical generation of
all scales can prevent the existence of an extrinsic hierarchy
problem to the standard model.
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Appendix: Supplemental material—The tree-level
potential has already been stated in Eq. (2). The one-
loop effective potential is computed as

Veff ¼V treeþ
X
i

nið−1Þ2si
64π2

m4
i;eff

�
ln

�
m2

i;eff

μ2

�
−Ci

�
; ðA1Þ

where ni denotes the number of real degrees of freedom
in each field i, ð−1Þ2si ¼ þ

ð−Þ1 for bosons (fermions),

and Ci ¼ 5
6
ð3
2
Þ for vector bosons (scalars or fermions).

The effective tree-level squared masses m2
i;eff can be

obtained as the eigenvalues of 
2λHϕH2

b þ 3λϕϕ
2
b 2

ffiffiffi
2

p
λHϕHbϕb

2
ffiffiffi
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λHϕHbϕb 6λHH2
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as well as by the eigenvalues of

diag
n
2λHH2

b þ λHϕϕ
2
b; 2λHH

2
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2
b; 2λHH

2
b

þ λHϕϕ
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b þ
1

2
λϕSϕ

2
b

o
; ðA3Þ

which we have obtained from the tree-level potential
using the background fields H ¼ Hb and ϕ ¼ ϕb. In
case we include RH neutrinos N, their effective masses
are given by mψ ;eff ¼ yNϕb. For simplicity, we assume
that a single entry in the Yukawa matrix yN dominates,
and we denote this value as yN while neglecting the
other entries. The effective potential above forms the
basis of all of our numerical evaluations.
For an analytic insight, we can follow the procedure

already used in [21,22] and define an effective potential,

VEFTðHbÞ ≔ Veff

�
Hb; ϕ̃ðHbÞ

	
; ðA4Þ

where ϕ̃ðHbÞ is implicitly defined via

∂Veff

∂ϕb

����
ϕb¼ϕ̃ðHbÞ

¼ 0: ðA5Þ

The VEV of ϕ in the limit hϕi ≫ hHi is approximated by
ϕ0 ≔ ϕ̃ðHb ¼ 0Þ, which is given by

ln
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0
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¼ −

32π2λϕ þ 1
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≈ −
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�
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Expanding VEFTðHbÞ in Hb=ϕ0 ≪ 1 at the quadratic order in Hb one finds

VEFT ≈


λHϕ −

λHSλϕS
16λ2Hϕ þ λ2ϕS − 8y4N
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This expression is RG invariant and exposes how custodial
symmetry breaking terms generate the Higgs quadratic
term by the differential running of λHϕ − λϕ.
To analyze the matching to the SM effective potential a

different expansion is useful. For this, we introduce an
artificial expansion parameter ϵ such that

Hb

ϕ0

→ ϵ
Hb

ϕ0

; λHϕ → ϵ2λHϕ: ðA8Þ

This ensures that expanding around ϵ → 0 we obtain

ϕ0

Hb
→ ∞;

λHϕ

λH
→ 0; while keeping

λHϕϕ
2
0 ¼ λHH2

b fixed: ðA9Þ

This is a ’t Hooft-Veneziano-like expansion, which auto-
matically realizes the leading-order Gildener-Weinberg
condition λHϕϕ

2 ¼ λHH2. This condition is obtained by
assuming λHS ≈ λϕS > 0 and λHϕ < 0 such that at a scale
μ ¼ μGW the flat direction is given by

ϕ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2λH
2λH − λHϕ

s
r; H ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
−λHϕ

2λH − λHϕ

s
r;

λϕ ¼ λ2Hϕ

λH
; ðA10Þ

where r ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
H2 þ ϕ2

p
. The matching to the SM now most

conveniently is done at a scale μ ¼ μ0 ≔
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λϕS=ð2eÞ

p
ϕ0 in

order to avoid large logarithms. Expanding the effective
potential Eq. (A4) in powers of ϵ up to ϵ4 at the scale
μ ¼ μ0 we find

VEFT ¼ −
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256π2
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Here, the sum over i is understood as a sum over the SM effective masses assuming a tree-level potential given by
V ¼ λHϕϕ

2
0jHj2 þ λHjHj4. This expression is suitable to match to the SM one-loop effective potential. The masses we

obtain from this expression are given by
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For the Higgs-dilaton mixing angle, one finds
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