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We propose a new nonthermal mechanism of dark matter production based on vacuum misalignment.
A global X-charge asymmetry is generated at high temperatures, under which both the will-be Higgs boson
and the dark matter are charged. At lower energies, the vacuum changes alignment and breaks the Uð1ÞX ,
leading to the emergence of the Higgs bosonand of a fraction of charge asymmetry stored in the stable dark
matter relic. This mechanism can be present in a wide variety of models based on vacuum misalignment,
and we demonstrate it in a composite Higgs template model, where all the necessary ingredients are
naturally present. A light pseudo-scalar η is always predicted, with interesting implications for cosmology,
future supernova observations and exotic Z → γη decays.
DOI: 10.1103/PhysRevLett.125.021801

The presence of dark matter (DM) in the Universe is
arguably one of the most important mysteries in our
knowledge of the physical world. We have compelling
evidence in cosmological and astrophysical observations
that the majority of the matter density in the whole Universe
[1] and around galaxies and galaxy clusters is of a nonbaryonic nature. Nevertheless, no particle candidate exists
within the standard model (SM) of particle physics to fill
this gap. The most popular paradigm has been the WIMP
one, postulating the presence of a new weakly interacting
massive particle beyond the SM. As this paradigm is
currently challenged by the nonobservation of a signal in
direct detection experiments [2], many new mechanisms
have been recently proposed: asymmetric DM [3,4],
freezing-in FIMPs (“F” for feebly) [5], 2 → 3 annihilating
SIMPs (“S” for strongly) [6–8], to name a few.
In this Letter we propose a new mechanism for nonthermal
DM production based on vacuum misalignment, in models
where the Higgs boson arises as a pseudo-Goldstone boson
from a spontaneously broken global symmetry. This class
of models includes composite Higgs models [9], holographic
extra dimensions [10,11], little Higgs [12,13], twin Higgs [14]
and elementary Goldstone Higgs models [15]. Our main
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starting point is the fact that the vacuum of the theory, in
general, depends on the temperature of the Universe. Thus, its
structure today at zero temperature (where the misaligned
Higgs vacuum is needed) and at the global symmetry
breaking scale is likely to be different. Within this setup,
we propose that a DM relic density may be asymmetrically
produced via a charge that is preserved only in the hightemperature vacuum. At low temperatures, the charge is
broken and the fraction of asymmetry stored in
Z2 -odd states remains as DM density. The main advantage
is that, while the nonthermal DM production is due to an
asymmetry, the low energy DM candidate can decouple from
the SM thus avoiding conflict with direct detection data. The
mechanism we propose requires the following key ingredients: (i) an exact Z2 symmetry that keeps a DM candidate
stable; (ii) right below the global symmetry breaking phase
transition at T HL , the vacuum of the theory is an essentially
Higgsless (HL) phase (we refer to this as a Higgsless phase
even though a state with the quantum numbers of the
isosinglet Higgs boson is present because this state is
expected very heavy at the transition), where the electroweak
symmetry is broken at a scale f ≫ vSM ¼ 246 GeV, and a
global Uð1ÞX symmetry remains unbroken; (iii) at T HL , an
asymmetry is generated in—or transferred to—the Uð1ÞX
charged states, some of which are also odd under Z2 ; (iv) at
T  < T HL , the vacuum starts rotating away from the TC
vacuum, and Uð1ÞX is spontaneously broken; (v) at T ≈ 0, the
theory settles on the standard pseudo-Goldstone Higgs
vacuum, where the misalignment reproduces the electroweak
(EW) scale vSM .
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In this process, the fraction of asymmetry stored in
Z2 -odd states at T ¼ T  will survive as DM density as long
as such states are decoupled from the SM thermal bath.
Furthermore, as we will see in an explicit example, the
pseudo-Goldstone Higgs boson emerges from the Z2 -even
states charged under the Uð1ÞX while the vacuum rotates
away from the HL vacuum.
To demonstrate how the mechanism works, we will
consider composite Higgs models with vacuum misalignment, which can fulfil all the above requirements. For
concreteness, we will focus on models based on an
underlying gauge-fermion description, for which the symmetry breaking patterns are known [16,17]: the minimal
cosets with a Higgs boson candidate and custodial symmetry are SUð4Þ=Spð4Þ [18], SUð5Þ=SOð5Þ [19], and
SUð4Þ × SUð4Þ=SUð4Þ [20]. A Z2 symmetry is already
present in the latter case [21], while the other two cases can
be easily extended to a SU(6) symmetry [22,23]. A global
Uð1ÞX in the HL vacuum has already been used to
define a DM candidate in a SUð4Þ=Spð4Þ technicolor-like
theory in Ref. [24] (the connection to the composite
Goldstone Higgs vacuum has been studied in Ref. [25]).
We have checked that a Uð1ÞX can also be defined in the
SUð4Þ × SUð4Þ=SUð4Þ coset [but not in SUð5Þ=SOð5Þ].
Note that the above features can also be found in other
cosets that do not have a simple gauge-fermion underlying
description, like the models in Refs [26,27], and can also be
found in elementary realizations (in all models with a Z2
symmetry, the pNGB dark matter relic density could also be
obtained by thermal freeze-out [28]). Our proposal is
therefore rather general.
To better understand the workings of this mechanism,
we need to recall some basic information about modern
composite Higgs models [29–31] based on vacuum
misalignment: a Higgs-like boson arises as a composite
pseudo-Nambu-Goldstone boson (pNGB) from the breaking of a global symmetry G to H. The model is such that an
alignment exists where H contains the EW gauge symmetry SUð2ÞL × Uð1ÞY . This alignment, however, is not

stable as an explicit breaking of G exists in the form of
gauge interactions, top couplings to the strong sector, and
current masses for the confining fermions. These terms are
responsible for generating a vacuum expectation value for
the Higgs boson, which corresponds to a misalignment of
the vacuum. We will describe this by an angle, sin θ ¼ v=f
[9]. At T ≈ 0, we need vð0Þ ≡ vSM ¼ 246 GeV to reproduce the SM at low energy. The decay constant of the
pNGBs (including the Higgs boson), f, is fixed by the
degree of fine-tuning in the zero-temperature potential:
typically, sin θ ≲ 0.2 from electroweak precision measurements [32–34], thus fixing f ≳ 1.3 TeV, even though
smaller scales may also be allowed [35,36]. We stress that
f is a fixed scale, only depending on the confinement of the
underlying strong dynamics, while it is the value of vðTÞ at
the minimum of the potential that varies with temperature.
As we assume that the vacuum is only misaligned along the
Higgs direction, the coset structure can be schematically
represented by a nf × nf matrix:
!
Z2 -odd
G0 =H0
pNGBs
;
ð1Þ
Z -odd
Z -even
2

pNGBs

2

pNGBs

where G0 =H0 is one of the two minimal cosets listed before.
The origin of the parity can be easily understood in terms of
the underlying fermions ψ i , i ¼ 1; …; nf , that condense:
the Z2 parity flips sign to the ψ 5;…;nf fermions that do not
participate to the minimal coset, while the Uð1ÞX will
materialize as a phase acting on the fermions ψ 1;…;4 in the
minimal cosets. This assignment also explains why we
expect Z2 -odd pNGBs carrying Uð1ÞX charges in the offdiagonal block. An explicit vector like mass term breaks the
would-be Uð1ÞX charge of the fermions ψ 5;6 in the HL
vacuum. For concreteness, we will use the SUð6Þ=Spð6Þ
model [22] as a template (note that in Ref. [22] the authors
focus on a scenario where a Uð1ÞDM is preserved in the
Higgs vacuum, case that is disfavored by direct detection).
We assume 4 Weyl fermions are arranged in SUð2ÞW
doublets, ψ 1;2 and ψ 5;6 and two in SUð2ÞW singlets ψ 3;4 .
We list in Table I the quantum numbers of the pNGBs in the

TABLE I. pNGBs in the template SUð6Þ=Spð6Þ model in the Higgs vacuum (labeled with their SUð2ÞL × Uð1ÞY
quantum numbers) and in the HL vacuum. The
pﬃﬃﬃ Uð1ÞX charge assignments in the HL vacuum are indicated in the last
column. Note that H1 ¼ fωþ ; ½ðh þ iz0 Þ= 2gT and ωþ , z0 are the Goldstones eaten by W and Z.
Higgs vacuum θ ∼ 0
G0 =H0

H1 ¼ 21=2
η ¼ 10

Z2 -odd pNGBs

Z2 -evenpNGBs

H2 ¼ 21=2

HL vacuum θ ¼ π=2
pﬃﬃﬃ
ϕX ¼ ðh þ iηÞ= 2
ω ; z0
Θ1 ¼

−H02

þ

Δ0p
þiφ
ﬃﬃ 0
2

Δ ¼ 30

ﬃﬃ 0
Θ2 ¼ ðH02 Þ þ Δ0p−iφ
2

φ ¼ 10

Θ−1 ¼ Δ− − H−

þ
þ
Θþ
2 ¼ Δ þH
þc:c:
η0

η0 ¼ 10
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θ ¼ 0 vacuum and in the HL vacuum (θ ¼ π=2). Note how
the will-be Higgs boson h and the singlet η form the only
Z2 -even state charged under Uð1ÞX in the HL vacuum. In
the Higgs vacuum, the DM candidate is a real scalar, and
thus the absence of a coupling to the Z ensures that direct
detection bounds are avoidable.
How can the vacuum depend on temperature? In general,
the potential determining the vacuum alignment has the
form (at leading order in the chiral expansion) [29]
1
Vðθ; TÞ ¼ −aðTÞsin2 θ þ bðTÞsin4 θ:
2

ð2Þ

Assuming bðTÞ > 0, the breaking of the EW symmetry
can be achieved for aðTÞ > 0, with the minimum located
at sin2 θ ¼ aðTÞ=bðTÞ for 0 < aðTÞ=bðTÞ < 1 and at
sin θ ¼ 1 for aðTÞ=bðTÞ ≥ 1. Thus, the vacuum structure
needed for our mechanism can be achieved if aðTÞ=bðTÞ
varies with the temperature and we have:
aðT HL Þ
> 1 and
bðT HL Þ

að0Þ
≪ 1;
bð0Þ

Ref. [24], with the only difference that we will not include
any Higgs boson in the computation as our theory is
Higgsless (i.e., we assume that the 0þþ state, that may play
the role of the Higgs boson [41], is heavy) at the phase
transition. The computation is model dependent, so here we
will show the results for the template model: the relation
among the chemical potentials of the various states can be
easily computed following their quantum numbers, while
we find that the relation imposed by the EW sphalerons is
the same as in Ref. [24],

ð3Þ

where T HL is identified with the temperature of confinement. This implies that the above ratio needs to monotonically decrease with temperature, and that the vacuum is
stuck at the HL position until the temperature T  for which
aðT  Þ ¼ bðT  Þ. In this period, for T HL > T > T , the
electroweak breaking scale is vðTÞ ¼ f ≫ vSM , and the
W, Z, and SM fermions are much heavier than the SM
values by a factor f=vSM. If we consider a benchmark
scale f ¼ 1.5 TeV, this yields mHL
W ðTÞ ¼ 490 GeV,
HL
mHL
ðTÞ
¼
560
GeV,
and
m
ðTÞ
¼
1060
GeV. An examt
Z
ple where this thermal dynamics is driven by a composite
dilaton has been studied in Refs. [37,38], while for an
example with an elementary Higgs boson we refer the
reader to Refs. [39]. A baryon asymmetry can thus be
generated at the phase transition via varying Yukawa
couplings [37] that enhance CP violation with respect to
lo energy.
We can now start following the thermal history of the
DM candidates. At the phase transition temperature,
T HL ≈ OðfÞ, the global symmetry Uð1ÞX is exact while
the EW symmetry is broken. The pNGBs, therefore, can be
labelled in terms of their electromagnetic and Uð1ÞX
charges. For the template SUð6Þ=Spð6Þ model, refer to
the third column of Table I. Note that the will-be Higgs
boson h forms a qX ¼ 1 state together with the singlet η,
while all the Z2 -odd pNGBs have charges qX ¼ 1=2. We
will call the latter collectively as Θi . One interesting point
of our model is that Uð1ÞX , together with baryon and lepton
numbers, B and L, respectively, has an anomaly with the
electroweak gauge interactions: if a baryon asymmetry is
generated at T HL [37,38] or above (i.e., via high scale
Leptogenesis [40]), it will be transferred to an X asymmetry. The relative densities can be computed following

2μΘ þ 9μuL þ 3μW þ μL ¼ 0;

ð4Þ

involving four remaining independent chemical potentials:
μΘ of the Z2 -odd pNGBs, μuL of the left-handed
up-type
P3
−
−
quarks, μW of the W boson and μL ¼ i¼1 μli being the
total one of the three charged leptons. For a strong first
order phase transition [37], imposing the vanishing of the
total charge and isospin gives a fixed numerical ratio for the
asymmetries. Assuming that all Z2 -odd pNGBs are light
compared to the phase transition scale, we find [42]
X
¼ −4;
B

L 3
¼ :
B 4

ð5Þ

We also studied the spectrum of the template model and
found that a typical spectrum contains a light pair Θ1 -Θ−1
(or Θ2 -Θþ
2 ), while the other two are much heavier; we also
find that half of the X-charge density is initially stored in
ϕX , and the other half in the Z2 -odd states Θi .
For the DM density generated by the asymmetry to
persist, it is crucial that the Θi states decouple from the
thermal bath before the temperature T  , while the detailed
relic density depends on the processes that determine the
equilibrium between the X-charged states ϕX and Θi . This
dynamics, taking place between T HL and T  is also very
model dependent, however all models have similar qualitative features. We study a simplified scenario where
only three states are relevant: ϕX , Θ and Θ− , with
mΘ ≈ mΘ− ≈ M Θ , and f ≫ MϕX ≈ 0. The latter is justified
by the fact that the imaginary part of ϕX , η, becomes an
exact Goldstone at T ¼ T  . The relevant couplings are as
follows:
↔μ
g
ξ 

−
L ⊃ −i pﬃﬃﬃ W þ
μ ðΘ ∂ Θ Þ þ fϕX ΘΘ þ H:c:
2
2


2
g 
1
þ −;μ
μ
− ϕX ϕX W μ W þ Zμ Z ;
2
2

ð6Þ

where g is the SUð2ÞL gauge coupling and ξ is a small
Uð1ÞX conserving coupling generated by the pNGB potential (we neglect the couplings of the Z, which gives
qualitatively very similar results). The last term is a relic
of the fact that ϕX contains the will-be Higgs boson, which
couples to the massive EW gauge bosons. The coupling ξ is
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40
30

moves away from the HL vacuum. The freeze-out
temperature T F ¼ MΘ =xF is determined by the process
ΘΘ ↔ W þ W − going out of equilibrium, and the result is
shown numerically by the blue solid line in Fig. 1. This
implies an upper limit on T  :

4×10 –5

xF

x

3×10 –5
xdc

6

T < TF ≈

limit

2×10 –5
2
1
2.0

2.5

3.0

3.5

4.0

4.5

10 –5
5.0

M mHL
W

FIG. 1. In blue, freeze-out xF and decoupling xdc temperatures
HL
for Θi as a function of MΘ =mHL
W for mW ¼ 500 GeV. In red, the
value of ξ from Eq. (6) that saturates the relic density from the X
asymmetry (smaller values are excluded).

the only one that transfers X charge between the Z2 -odd
states Θi and ϕX , thus the temperature T dc ¼ MΘ =xdc
where the two decouple and the X charges in Θ are frozen
is determined by this interaction getting off thermal
equilibrium: we find that the dominant process is
Θ þ ϕX ↔ Θ− þ W þ , whose cross section can be easily
computed. The number density of DM candidates coming
from the asymmetry is thus determined by the asymmetry
in Θ at T dc , which can be computed by solving the
appropriate Boltzmann equation. As decoupling occurs
where Θi are nonrelativistic, neglecting the contribution
of the W chemical potential, we find:
 
ΩΘ MΘ  X ΔnΘ ðT dc Þ M Θ
HL
≈
× 4 × e−MΘ =mW
≈
Ωb mp  B nX ðT dc Þ
mp
 2
x
× 6 dc e−xdc ;
ð7Þ
2π
where nX ðT dc Þ is computed by considering that most of the
X asymmetry is stored in ϕX , which is light (relativistic)
and in thermal equilibrium, and mHL
W is the W mass in the
HL vacuum. Assuming that this is the dominant contribution to the DM relic density today, and that MΘ ¼ M DM
[the mass of the DM at T ≈ 0 may be different from
MΘ ðT dc Þ], we can thus solve the decoupling and ΩΘ =Ωb ≈
5 to determine xdc and ξ. The result is shown in Fig. 1 by
the dashed-blue and dashed-red lines, for mHL
W ¼ 500 GeV,
corresponding to f ≈ 1.5 TeV. We see that ξ is required to
be very small, and this is a model-building constraint on the
explicit models. In composite models the ξ term breaks the
symmetry corresponding to G parity in QCD and so it is
not unreasonable for this to be small. In order for the
asymmetry to survive, we need to make sure that Θi
decouple from the SM thermal bath before the vacuum

MΘ
MΘ
≈ 30 GeV ×
:
33
1 TeV

ð8Þ

As a final consistency check, we determine the freeze-out
temperature for ϕX , coming from the processes ϕX ϕX ↔
W þ W − =ZZ, giving T ϕ ≈ 18 GeV × f=ð1.5 TeVÞ: this
temperature is below T F for M Θ ≳ mTC
W . Note that ϕX is
relativistic at freeze-out.
At the temperature T  < T F , the vacuum of the theory
starts drifting away from the HL vacuum. At this time,
Uð1ÞX is spontaneously broken by the vacuum, and ϕX is
no longer protected from decays. Thus, only the fraction of
X charge stored in the Z2 -odd pNGBs will survive. The
masses of the will-be Higgs boson h and of η split, and h
starts acquiring Higgs-like couplings to the SM states,
scaling like cos θ [43]. Thus, close to the transition
temperature T  , the couplings are still small and the W
and Z bosons heavy. While the Universe cools down, the
EW masses gradually decrease to the SM values, while the
Higgs couplings approach the SM values as cos θ → 1. In
our model, therefore, the 125-GeV Higgs boson emerges
from the dark ϕX state during the relaxation at T < T  . One
potential concern is that the Z2 -odd states may rethermalize
with the SM once the theory relaxes to the standard
vacuum. From standard WIMP analysis we know that
1
the decoupling happens at T̃=MDM ðT̃Þ ≈ 25
, which points to
temperatures T̃ > T F if M DM ≈ M Θ . Thus the DM will not
thermalize below T F even when the SM particles reach
their standard masses. Furthermore, the nonderivative
coupling to the Higgs boson h, which is related to ξ from
Eq. (6), is small enough to avoid direct detection [44] [for
the favorable value of ξ (cf. Fig. 1) and M DM ¼ 1 TeV,
we obtain a spin-independent cross section of
σ SI ≈ 10−53 cm−2 , which is 7 orders of magnitude below
the current limit and below the reach of future experiments], while indirect detection can be avoided if the SM
state is dominantly a gauge singlet. This model can be
probed at the LHC and future colliders thanks to the
additional Z2 -odd states, like Θ− , which are produced via
their EW couplings.
The DM mechanism we propose has a striking lowenergy prediction: the presence of a Goldstone boson
associated with the spontaneous breaking of Uð1ÞX at
T < T  . This Goldstone is the singlet η, also emerging
from ϕX , and it will eventually acquire a small mass from
tiny explicit breaking of Uð1ÞX . In the minimal composite
scenarios, the only linear coupling to SM states is generated
by the topological anomaly with the electroweak gauge
interactions, given schematically by
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cos θ
ηðg2 κ W W μν W̃ μν þ g02 κ B Bμν B̃μν Þ:
f

ð9Þ

In elementary realizations, other couplings to SM fermions
need to be introduced to allow for η decays. Eq. (9) contains
a coupling to two photons, proportional to κγγ ¼ κ W þ κB ,
which is very strongly constrained for mη ≲ 1 GeV (see for
instance Ref. [45]), giving rise to bounds on f many orders
of magnitude above the TeV scale. The template model is
rather special because it features κW ¼ −κB so that κ γγ ¼ 0
at leading order (the same holds for the SUð4Þ ×
SUð4Þ=SUð4Þ coset [20]). Albeit η has a photophobic
nature [46], couplings to photons and to SM fermions
are generated at loop level [47], thus strong bounds may
still arise from astrophysics and cosmology. In our case, for
mη ≲ 9 keV, strong bounds f > Oð100Þ TeV arise from
star evolution [48–50], while for mη < 100 MeV, interesting effects may be observed in a future supernova observation if f is in the TeV range [51]. The couplings in Eq. (9)
also generate decays Z → γη, with BR ¼ 8 × 10−9 in our
template model, which is right below the LEP bound for
detector-stable η [52–54] and will be observable at a future
eþ e− collider. Bounds from cosmology also apply [55],
however a detailed analysis is sensitive to the details of the
model and of the cosmological evolution of the theory, and
they will be presented elsewhere.
In conclusion, in this Letter we have presented a new
mechanism for nonthermal DM production via vacuum
misalignment. The relic density emerges from an asymmetry
at high energies, while the SM-like Higgs boson also
emerges from the high-temperature dark sector. The mechanism predicts a light pNGB from the low-temperature
breaking of the U(1) symmetry, leading to observable effects
in future supernova observations and Z decays at future
high-luminosity lepton colliders.
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