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The persistent null results at dark matter (DM) direct-detection experiments have pushed the popular
weakly interacting massive particle (WIMP) DM to tight corners. Generic WIMP models with direct-
detection rates below the current upper limits often lead to a thermally overproduced relic abundance after
freeze-out. To resolve this conundrum, we propose a novel scenario where DM has temperature-dependent
couplings with the standard model (SM) bath. A scalar field having a large vacuum expectation value
(VEV) at high temperatures generates sizeable DM-SM interactions, leading to efficient DM annihilations
responsible for generating the desired thermal relic. At lower temperatures, the scalar field VEV settles
down to a small value as a result of a phase transition which can generically be of first order, effectively
leading to a suppressed DM-SM interaction rate at low temperature, consistent with null results at direct-
detection experiments. The upper bound on thermal DM mass forces the first-order phase transition to
occur at scales such that the corresponding gravitational wave signal remains within reach of future
experiments such as the Laser Interferometer Space Antenna.

DOI: 10.1103/b31h-g4jx

I. INTRODUCTION

As suggested by observations from astrophysics and
cosmology-related experiments, the matter content of our
present Universe is dominated by dark matter (DM) con-
tributing approximately five times the amount of ordinary
baryonic matter [1–3]. While the standard model (SM) of
particle physics does not have any particle DM candidate,
several beyond standard model proposals have been put
forward to explain the origin of DM. Among them, the
weakly interacting massive particle (WIMP) [4–6] has been
themostwidely studied one.A typicalWIMP, by virtue of its
sizeable nongravitational interactions with the SM bath, can
be thermally produced in the early Universe with its relic set
by thermal freeze-out. The same DM-SM interactions can
also lead to observable DM-nucleon scattering at terrestrial
detectors. However, null results at direct-detection experi-
ments such as the Large Underground Xenon-ZonEd
Proportional scintillation in LIquid Noble gases (LUX-
ZEPLIN [LZ]) [7], XENONnT [8], and PandaX-4T [9]

have already ruled out a large part of the parameter space of
the simplest WIMP models.
While it is possible to keep DM direct-detection rate

suppressed while being consistent with the thermal relic
criteria, this requires specific couplings and masses to keep
the DM-nucleon scattering either momentum suppressed or
accidentally small [10–14]. However, in the absence of these,
generic WIMP models with couplings required to keep
direct-detection rate below the current upper bound lead
to thermal overproduction. In this paper, we propose a novel
framework to reviveWIMP parameter space without relying
on a tuned parameter space or specific Lorentz structure
of DM-SM couplings. We consider a temperature (T)-
dependent DM-SM coupling where the vacuum expectation
value (VEV) of a scalar field η dictates the strength of the
coupling. Although the VEVof η remains large at the epoch
of DM freeze-out, keeping the DM annihilation rate in the
typical WIMP ballpark restores it to a small value at lower
temperatures, leading to suppressed DM-SM coupling con-
sistent with the small direct-detection rate. While DM
detection prospects in such a setup remain subdued, con-
sistent with null results, the VEV restoration of the scalar
field η can be a strong first-order phase transition (FOPT)
with observable signatures at gravitational wave (GW)
experiments. Several earlier works [15–28] also studied
the role of FOPTs on DM relic, but they were limited to
studying the impact of FOPTs onmasses ofDMormediators
of DM-SM interactions only. In another work [29], a two-
step electroweak phase transition was used to decouple the

*Contact author: dborah@iitg.ac.in
†Contact author: arnabdasgupta@pitt.edu
‡Contact author: tow39@pitt.edu

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP3.

PHYSICAL REVIEW D 113, 115028 (2026)

2470-0010=2026=113(11)=115028(10) 115028-1 Published by the American Physical Society

https://orcid.org/0000-0001-8375-282X
https://orcid.org/0000-0003-1065-7279
https://ror.org/00bb9ch64
https://ror.org/01an3r305
https://crossmark.crossref.org/dialog/?doi=10.1103/b31h-g4jx&domain=pdf&date_stamp=2026-06-11
https://doi.org/10.1103/b31h-g4jx
https://doi.org/10.1103/b31h-g4jx
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


processes responsible for generating DM relic from the ones
producing indirect-detection signals. Instead of considering
FOPT effects on masses or on annihilation channels of a
specific model, we adopt a model-independent approach
where a phase transition is responsible for generating
temperature-dependent couplings of DMwith the SM bath.1

In our setup, we consider, for the first time, the impact of
T-dependent DM-SM couplings in keeping DM detection
rates suppressed at terrestrial experiments, while still
allowing a large annihilation rate in the early Universe.
We consider an effective field theory (EFT) setup to

parametrize DM-SM interactions and constrain the cutoff
scale Λ, DM mass, as well as the VEVof η consistent with
the desired WIMP phenomenology. While VEV restoring
transition can occur at any scale above the big bang
nucleosynthesis (BBN) epoch [32], the unitarity upper
limit on DM mass mDM ≲Oð100 TeVÞ [33] forces the
nucleation to occur at a scale T < Tf ≲Oð10 TeVÞ below
DM freeze-out ðTfÞ, such that DM freeze-out relic remains
unaffected. This keeps the GW spectrum from first-order
VEV restoring phase transition within near-future experi-
ments such as the Laser Interferometer Space Antenna
(LISA). Such a low-scale transition also keeps the new
scalar degrees of freedom associated with η within reach of
terrestrial detectorssuch as the LHC.

II. THE FRAMEWORK

Without any loss of generality, we adopt an EFT
approach2 to describe DM-SM interactions. We provide
two working benchmark examples of DM EFT: (i) Dirac
fermion singlet DM χ with Higgs portal interactions (BM1)
[40], (ii) scalar singlet DM ϕwith effective couplings to SM
fermions f (BM2) [35]. While these operators can arise at
lower dimensions, we consider dimension-six and dimen-
sion-seven operators which also include an additional scalar
η whose VEV is responsible for T-dependent DM inter-
actions. The corresponding interaction Lagrangian can be
written as

−LDM−SM ¼
(

1
Λ2 ηχ̄χH†H; fermion DM
1
Λ3 ηϕϕHf̄f; scalar DM;

ð1Þ

where H denotes the SM Higgs doublet. In addition to SM
gauge invariance, the effective operators are also invariant
under a Z2 symmetry, responsible for keeping DM stable.
Additional symmetries such as a softly brokenZ3 symmetry
acting nontrivially on DM and η may be imposed to ensure
that the above operators are responsible for leading DM-SM

interactions.3 It is also possible to have softly broken global
Uð1Þ symmetry responsible for ensuring stability of DM by
virtue of a remnant Z2 symmetry, while also ensuring DM-
SMoperators given in Eq. (1) as the leading ones. In addition
to such symmetry realizations, one can also find different
possible UV completions of these operators. For example, a
heavy scalar ξ coupling to fermion DM as ξχLχR and to
scalars as ξ†ηH†H can result in dimension-six fermion DM
operator in Eq. (1) at low energy after integrating out heavy
scalar degrees of freedom associated with ξ. A more explicit
UV completion is given in Appendix A.We remain agnostic
about such symmetry realizations as well as UV completion
of these operators in this work. As pointed out earlier, a
nonzero VEVof η at high temperature leads to sizeable DM-
SM coupling, while its VEV restoration at low temperature
is responsible for feeble DM-SM interaction at terrestrial
experiments.
In order to realize the desired VEV profile of η

independent of electroweak symmetry breaking, we con-
sider another singlet scalar σ having sizeable coupling to η
with the relevant scalar potential given by

Vðσ; ηÞ ¼ μ2σ
2
σ2 þ λσ

4
σ4 −

μ2η
2
η2 þ λη

4
η4

þ λση
4

σ2η2 − μ̃σ2η: ð2Þ

In order to study the finite-temperature behavior of the
potential, one also has to include the Coleman-Weinberg
correction VCW [41] together with the thermal correctionV th
[42,43]. For better accuracy, we use the dimensional reduc-
tion method [44–47] to compute the finite-temperature
effective potential of η, σ at two-loop level, the details of
which are given in Appendix B.
We consider a two-step phase transition such that the

VEVs of ðη; σÞ follow ð0; 0Þ → ðvη; 0Þ → ðv0η; vσÞ with
v0η ≪ vη; vσ. The small VEV of η at present temperature
T ¼ T0 is realized by a small trilinear interaction term in
the scalar potential given by Eq. (2). The desired trajectory
of the VEVs is shown in Fig. 1. Initially, at T > Tc1, the
VEVs of σ and η lie at (0, 0). At Tc1 > T > Tc2, η first
acquires a large VEV while σ remains at zero.
Subsequently, at Tc2 > T, σ gets a large VEV while the
VEV of η almost vanishes up to v0η ∝ μ̃ from the small
trilinear term. Such a configuration remains till T ¼ T0, the
present temperature. We also ensure that DM freezes out
after the first transition, whereas the second transition
occurs after DM freeze-out, resulting in vanishing or
small effective DM-SM coupling. If we consider a more
minimal setup with SM Higgs playing the role of σ, it
requires a higher Tc1 and therefore a larger mDM above the1Changes in DM-SM couplings at different scales have also

been studied within specific models incorporating running of
couplings [30] and varying kinetic mixing [31].

2See earlier works [34–38] on DM EFT, also summarized in a
recent review [39].

3Irrespective of additional symmetries, scalar DM can always
have renormalizable Higgs portal interactions, which we assume
to be subdominant.
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electroweak scale [29]. In order to cover the entire allowed
mass range of thermal DM, we therefore consider σ to be an
additional singlet scalar.

III. DARK MATTER PHENOMENOLOGY

The relic abundance of DM can be estimated by solving
the appropriate Boltzmann equation. For a typical WIMP
DM, the thermal-averaged annihilation cross section of DM
into SM particles governs its freeze-out relic.
For fermion DM, the vη-dependent χχ → ff̄ annihilation

is enhanced near the Higgs resonance, while the vη-
independent χχ̄ → ηh remains subleading. Here, h denotes
the physical SM Higgs boson. For scalar DM, the dominant
annihilation channels are ϕϕ → ff̄, which are controlled
by vη, while 2 → 3 processes such as ϕϕ → ηff̄ remain
phase-space suppressed. The details of DM cross section
and relic can be found in Appendix C. We identify two
benchmark points: one for fermion (BM1) and one for
scalar (BM2) DM consistent with the observed relic and
experimental constraints. The details of these benchmark
points are given in Table I. Due to the large VEV of η at
freeze-out temperature Tf, a large annihilation rate of DM
leads to the required relic. However, the VEVof η relaxes to
a vanishingly small value at present temperature T0,
consistent with the experimental constraints from direct
and indirect-detection experiments. We also find the effect
of entropy dilution at the end of the VEV restoring phase
transition to be negligible on freeze-out relic of DM. It
should be noted that our mechanism works even if the VEV
of η relaxes to the present value continuously via a second-
order phase transition. However, the second step of such a
two-step phase transition can be of first order generically
due to the existence of a potential barrier even at tree level
along the field direction [48–56].
Fermion DM can lead to observable DM-nucleon scat-

tering mediated by the SM Higgs. The corresponding cross
section is given by

σχSI ≈
ðv0ηÞ2
Λ4

4m2
nμ

2
r

πm4
h

f2n; ð3Þ

where mh is the SM Higgs mass, fn ≈ 0.3 [57,58] is the
Higgs-nucleon coupling, and μr ¼ mχmn=ðmχ þmnÞ is the
DM-nucleon reduced mass. The DM-nucleon scattering
cross section for scalar DM is

σϕSI ≈
�

v0ηvhffiffiffi
2

p
Λ3

�
2 μ2r
πm2

ϕ

f2ϕ;n; ð4Þ

where μr ¼ mϕmn=ðmϕ þmnÞ is the ϕ-nucleon reduced
mass and fϕ;n is the ϕ-nucleon coupling [35,57]. DM can
also be probed at indirect-detection experiments looking for
DM annihilation into SM particles. Excess of γ rays, either
monochromatic or diffuse, can be constrained from obser-
vations at such indirect-detection experiments. While DM
annihilation to monochromatic photons is loop suppressed,
tree-level DM annihilation into different charged particles
can contribute to diffuse γ rays, which can be constrained
by experimental data.
Figure 2 shows the compatibility of our proposed

framework with both direct and indirect-detection con-
straints while satisfying the criteria for observed DM relic.
Panel (a) shows the comparison of direct-detection rates for
effective DM-SM couplings at T ¼ T0 with the ones
around DM freeze-out epoch T ¼ Tf. A similar compari-
son for DM annihilation rate during freeze-out T ¼ Tf and
during the present epoch inside a DM halo T ¼ Thalo can be
seen in panel (b) by considering specific final states such as
third-generation quarks. While DM annihilation at T ¼ Tf

is dominated by 2 → 2 processes relying on hηi, the ones at
T ¼ Thalo are dominated by processes independent of hηi,
such as χχ̄ → ηh;ϕϕ → ηff̄. Clearly, the temperature-
dependent couplings of DM keep the direct and indirect-
detection rates highly suppressed at different experiments
while being consistent with the thermal relic criteria due to
larger DM-SM coupling at higher temperature. The black
solid line in panel (b) denotes the canonical DM annihi-
lation cross section required to satisfy the relic criteria [59].
The annihilation cross section of DM during the freeze-
out epoch remains very close to this canonical value, as
seen from panel (b). The solid purple and black colored
contours in panel (a) correspond to upper limits on spin-
independent DM-nucleon scattering cross-section from the
PandaX-4T [9] and LZ [7] experiments, respectively, while
the dashed maroon contour indicates the future sensitivity
from DARk matter WImp search with liquid xenoN
(DARWIN) [60]. The gray solid line corresponds to the
neutrino floor, below which coherent neutrino-nucleus

FIG. 1. Evolution of the scalar VEVs in the two-step phase
transition.

TABLE I. Benchmark parameters used in the numerical analysis.

mDM=GeV Λ=GeV hηi
Λ ðTfÞ hηi

Λ ðT0Þ
BM1 58 2045 0.063 1.1 × 10−4

BM2 300 1620 0.41 1.4 × 10−4
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scattering will dominate, making it difficult to distinguish
from DM-induced recoil. The solid and dashed orange
contours correspond, respectively, to the current LHC [61]
limit and future High-Luminosity LHC (HL-LHC) sensi-
tivity [62] to the Higgs invisible decay branching ratio
applicable for Higgs portal fermion DM scenario discussed
in this work, considering h → χχ̄. Similarly, in panel (b),
the solid orange contour corresponds to the cosmic micro-
wave background bound on the DM annihilation rate to
bottom quarks [1]. The solid pink and red contours
correspond to the γ-ray bounds from the High Energy
Stereoscopic System (HESS) [63] and Fermi-Large Area
Telescope (Fermi-LAT) [64], respectively, assuming third-
generation quark final states, while the dashed purple line
indicates Cherenkov Telescope Array (CTA) [65] sensi-
tivity. Thus, Fig. 2 clearly shows the compatibility of our
framework with experimental constraints while also indi-
cating the difficulty in satisfying these constraints if WIMP
couplings at low temperature remain the same as the ones at
high temperature.

IV. EXPERIMENTAL SIGNATURES

While DM detection rates at ongoing or near-future
experiments remain suppressed in our framework, there
exist complementary detection avenues, particularly in
terms of stochastic gravitational waves. Strong first-order
phase transition has been studied extensively in the context
of GWs produced from bubble collisions [66–70], the
sound wave of the plasma [71–74], and the turbulence of
the plasma [75–80]. Recently, multistep phase transitions
[48–56] have gained significant interest due to the pos-
sibility of realizing a strong FOPT naturally. This possibil-
ity arises due to the existence of a strong potential barrier in
the field space, particularly during the second step of the
transition. The key parameters, namely, the latent heat
released ðα�Þ, inverse duration of the transition ðβ=HÞ,

nucleation temperature ðTnÞ and bubble wall speed ðvwÞ for
the chosen benchmark points are given in Table II.
Figure 3(a) shows the GW spectra in our framework

considering the two benchmark points BM1 and BM2 for
fermion and scalar DM, respectively. The gray contours
correspond to the power-law integrated sensitivities [81] of
futureGWdetectorsDECi-hertz InterferometerGravitational
wave Observatory (DECIGO) [82], LISA [83] and μAres
[84]. Due to the strong second step of the phase transition
responsible for restoring the VEVof η, we get an enhanced
GW amplitude as seen in Fig. 3(a). This is the primary
experimental signature of our framework. Since the VEV
of η is crucially related to DM phenomenology as well
as the phase transition or the nucleation temperature Tn, it is
possible to find the range ofDMmasswhich can be probed at
GW experiments. As DM freeze-out is expected to occur
before the nucleation temperature of the phase transition
(that is,Tn < Tf ∼mDM=30), one can use the unitarity upper
limit on thermal DM mass mDM ≲Oð100 TeVÞ [33] and
lower bound on nucleation temperature Tn ≥ OðMeVÞ from
successful BBN [32] to find the range of DM mass
Oð10 MeVÞ ≤ mDM ≤ Oð100 TeVÞ where our proposed
framework is valid. This also keeps the nucleation temper-
ature in the range Oð1 MeVÞ ≤ Tn ≤ Oð10 TeVÞ, keeping
the GW peak frequencies in the ≲0.1 Hz ballpark.
Figure 3(b) shows a summary of the model parameter

space in the Λ-mDM plane. The solid blue and green

FIG. 2. (a) Spin-independent DM-nucleon cross-section and (b) DM annihilation cross section as functions of DM mass. The points
denoted as BM1 and BM2 indicate the corresponding rates for fermion and scalar DM, respectively, considering effective DM-SM
couplings at two different temperatures. Solid and dashed contours correspond to different exclusion lines and future sensitivities,
respectively; see the text for details.

TABLE II. Phase transition related parameters for the chosen
benchmark points.

α� β=H Tn=GeV vw

BM1 3.8 97 0.9 1
BM2 1.8 50 6 1
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contours indicate the parameter space consistent with the
observed DM relic for benchmark points BM1 and BM2,
respectively. The Higgs portal coupling of DM in BM1
leads to the resonance near mDM ≈mh=2. The entire plane
is consistent with direct and indirect-detection bounds due
to the vanishingly small DM-SM coupling at low temper-
ature. The gray-shaded region is disfavored as the EFT
description is invalid for mDM > Λ. The region towards the
left of the solid orange contour is ruled out by LHC limits
on the Higgs invisible decay, while the dashed orange
contour indicates future HL-LHC sensitivity. The blue- and
green-shaded regions correspond to the parameter space
within reach of future GW experiment LISA. We have set
the SNR > 5 for this region, assuming an experimental run
of one year. To generate this figure, we use a common
rescaling factor mDM → rmDM, μσ;η → rμσ;η, and accord-
ingly calculated Tn; α�; β=H; vw while keeping the dimen-
sionless parameters of the scalar potential same as BM1
and BM2.. Since the second step of the phase transition
ðvη; 0Þ → ðv0η; vσÞ occurs after DM freeze-out, the scale of
DMmass can be related to the phase transition scale and the
corresponding peak frequency of the GW spectrum. While
we have kept the singlet scalar couplings with the SM
Higgs to be negligible in our analysis, they can mix with the
latter due to small but nonzero scalar portal couplings. This
can lead to additional signatures at colliders or other low-
energy experiments. For example, the mass of the scalar η is
0.12 GeVand 0.72 GeV for BM1 and BM2 respectively. If
it mixes with the SM Higgs, the mixing angle θ would be
bounded most strongly from meson decay constraints θ ≲
10−4 [15,85,86]. Such light scalars with tiny mixing with
the SM Higgs, on the other hand, can have serious
cosmological consequences if long-lived. We have checked
that for θ > 1.6 × 10−5 (BM1) and θ > 2 × 10−8 (BM2),

the lifetime of η can be shorter than the BBN time scale and
hence remain consistent with the observed light nuclei
abundance [87].

V. CONCLUSION

We have proposed a novel framework to revive minimal
WIMP dark matter scenarios facing tight constraints from
null results at direct-detection experiments. The core part of
the proposal is the introduction of temperature-dependent
coupling of DM-SM interactions. Such a dynamical cou-
pling is achieved with an additional scalar field η changing
its vacuum expectation value while undergoing phase
transitions. Dark matter mass is chosen in such a way that
its freeze-out occurs during an epoch when η VEV is
relatively large leading to a typical WIMP-type coupling of
DM with the SM bath. After DM freeze-out, the VEVof η
shifts to zero or a vanishingly small value, leading to
suppressed WIMP interaction rates in the present epoch,
consistent with null results at direct and indirect-detection
experiments. The VEV restoration of the scalar field η leads
to a strong first-order phase transition with observable GW
in near-future GW detectors such as LISA. In order to show
realistic examples, we adopt a model-independent approach
and construct effective operators for both fermion and
scalar DM interacting with the standard model fields. We
outline the viability of our framework by choosing specific
benchmark values of DM mass, cutoff scale Λ, as well as
scalar potential parameters responsible for the VEV restor-
ing first-order phase transition. While dark matter detection
rates are negligible, consistent with null results so far, our
framework can be probed at future GW experiments. The
new scalar sector related to η, σ can also be probed via their
coupling to the SM Higgs.

FIG. 3. (a) Gravitational wave spectra for the benchmark points of fermion and scalar DM scenarios. (b) Λ −mDM parameter space of
the model. The solid blue and green contours correspond to the points consistent with DM relic for benchmark points BM1 and BM2,
respectively. The LISA SNR > 5 region is shown in light blue and green for BM1 and BM2, respectively. The whole mass range lies in
the μAres sensitivity, which is not shown explicitly. The EFT description is invalid in the gray shaded region. The solid and dashed
orange contours correspond, respectively, to the current LHC limit and future HL-LHC sensitivity related to the Higgs invisible decay.
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APPENDIX A: AN EXPLICIT UV COMPLETION

The Higgs portal fermion DM operator 1
Λ2 ηχ̄χH†H can

have a possible UV completion with the inclusion of a
heavy singlet scalar ξ [88] which interacts as

−L ⊃ yχ χ̄χξþ λ12ξηH†H: ðA1Þ

Keeping other interactions involving χ, η, ξ to be sub-

dominant compared to the above, we can identify 1
Λ2 ≈

yχλ12
m2

ξ

after integrating out heavy scalar ξ. For validity of the EFT
description mξ > 2mχ [88,89] and using the perturbative
upper bound on Yukawa and quartic couplings, we get
1
Λ < ð4πÞ3=4

2mχ
. Similarly, the scalar DM operator 1

Λ3 ηϕϕHf̄f

can be realized as a low-energy description of a UV
complete theory having two additional scalar fields: a
singlet ζ and a doublet H2. The relevant interactions can
be written as

−L ⊃ μ12ϕ
2ζ þ y2H2f̄f þ λ012ζηH

†
2H: ðA2Þ

Integrating out heavy scalars ζ; H2 leads to 1
Λ3 ≈

μ12λ
0
12
y2

m2
ζm

2
H2

.

APPENDIX B: DETAILS
OF THE VEV RESTORATION

The relevant terms of the tree level scalar potential are
given by

Vðσ; ηÞ ¼ μ2σ
2
σ2 þ λσ

4
σ4 −

μ2η
2
η2 þ λη

4
η4 þ λση

4
σ2η2

− μ̃σ2η; ðB1Þ

where μ̃ ≪ μσ;η, and we therefore ignore the contribution
from the trilinear term in the phase transition and only
explicitly consider it at T ¼ T0 ≈ 0. We use DRalgo [47]
to compute the high temperature effective potential. As
described in the main text, we are interested in the two-step
phase transition of the two scalar fields ðη; σÞ such that the
VEVs follow ð0; 0Þ → ðvη; 0Þ → ðv0η; vσÞ as the Universe
cools down. At T > Tc1, the VEVs of σ and η lie at (0, 0), at
Tc1 > T > Tc2, η firstly acquires a large VEV while σ
remains zero, at Tc2 > T, σ gets a large VEV while the
VEV of η almost vanishes up to v0η ∝ μ̃ from the small
trilinear term, such a VEV configuration then remains till
T ¼ T0 at present epoch. In such a phase transition, the
VEV of η at tree level is given by

vηðTÞ ¼

8>>>>>>>><
>>>>>>>>:

0; T > Tc1

μη3ðTÞffiffiffiffiffiffiffiffiffi
λη3ðTÞ

p þOðμ̃Þ; Tc1 ≥ T ≥ Tc2

Oðμ̃Þ; Tc2 > T > T0

v2ϕμ̃
λσϕ
2
v2ϕ−μ

2
η

; T ¼ T0

: ðB2Þ

Such a two-step transition requires the following rela-
tions for the couplings [54]:

Tc1 ≈
μηffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
4
λη þ 1

24
λση

q >
μσffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1
4
λσ þ 1

24
λση

q > Tc2; ðB3Þ

jVσ;minjη¼0j ≈
μ4σ
4λσ

>
μ4η
4λη

≈ jVη;minjσ¼0j; ðB4Þ

where Vσ;minjη¼0 is the minimum of the effective potential
Vðσ; ηÞ in the direction of σ when η ¼ 0. We choose the
benchmark parameters given in Table III to achieve such a
transition. In Fig. 4(a), we show the minimum of the
effective potential along the σ and η axes, respectively, as a
function of T for BM1; whichever is lower is the true
minimum of the potential and the intersection of which
marks the critical temperature Tc2. The η field therefore
temporarily acquires a large VEV, as shown in Fig. 4(b),
which temporarily turns on efficient DM annihilation via
2 → 2 processes.

TABLE III. Relevant parameters of the scalar potential for the
benchmark points BM1 and BM2.

μσ=GeV μη=GeV λσ λη λση μ̃=GeV

BM1 3.8 0.11 0.47 7.1 × 10−7 0.001697 1 × 10−4

BM2 18 0.6 0.27 8.1 × 10−7 0.001461 1 × 10−4
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APPENDIX C: DETAILS OF
DM RELIC ESTIMATES

The relic abundance of DM can be estimated by solving
the Boltzmann equation

dYDM

dx
¼ −

sðmDMÞ
x2HðmDMÞ

hσannviðY2
DM − ðYeq

DMÞ2Þ; ðC1Þ

where YDM ¼ nDM=s is the comoving number density of
DM with nDM; s being the DM number density and entropy
density of the Universe, respectively. x ¼ mDM=T and H
denotes the Hubble expansion parameter. hσannvi denotes
the thermal averaged cross section [90] for DM annihilation
into lighter SM particles.
For fermion DM with L ¼ − 1

Λ2 ηχ̄χH†H, when
mχ ∼mh=2 and vη ≠ 0 corresponding to BM1 with
Tc1 > T > Tc2, the dominant channels for DM annihilation
are χχ̄ → h → ff̄ and χχ̄ → h → VV. The corresponding
cross sections are given by

σðχχ̄→ ff̄Þ¼ y2f

�
vhvη
Λ2

�
2 Nc

16πs½ðs−m2
hÞ2þm2

hΓ2
h�

×
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s−4m2

χ

q
ðs−4m2

fÞ
3
2;

σðχχ̄→VVÞ¼ δV

�
vhvη
Λ2

�
2 1

32πv2h

ffiffiffiffiffiffiffiffiffiffiffiffiffi
s−m2

χ

q
s3=2

ðs−m2
hÞ2þm2

hΓ2
h

1

π2

×
Z

dq21dq
2
2

m2
VΓ2

V

jDðq21Þj2jDðq22Þj2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λðq21;q22;sÞ

q

×

�
λðq21;q22;sÞþ12

q21q
2
2

s2

�
;

where Dðq2Þ¼ q2−m2
V þ imVΓV , λðx;y;zÞ¼ ð1− x

z−
y
zÞ2 −

4xy
z2 , and δV ¼ 1 for W and 1

2
for Z. Nc denotes the color

factor for final state fermion f. The DM also annihilates
to ηh, which is independent of vη. The cross section is
given by

σðχχ̄ → ηhÞ ¼
�
vh
Λ2

�
2 1

64π

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

s

s �
1 −

m2
h

s

�
; ðC2Þ

where we ignored the mass of η. When mχ ≳mh, DM can
also annihilate through χχ̄ → hh, with three contributions,
the s-channel χχ̄ → h → hh diagram, t and u-channel
diagram from χ̄χH vertex, and contact diagram from
χχ̄H†H vertex. The cross section is given by

σðχχ̄ → hhÞ

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − 4m2

hÞðs − 4m2
χÞ

q
64πs

×

0
B@A2 þ 16B2

s − 4m2
h þ m4

h
m2

χ

1
CA

−
mχAB

8πs
ln

0
B@s − 2m2

h −
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − 4m2

hÞðs − 4m2
χÞ

q
s − 2m2

h þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðs − 4m2

hÞðs − 4m2
χÞ

q
1
CA;

where A ¼ vη
Λ2 ð1þ 3m2

h
s−m2

h
Þ, B ¼ ðvηvhΛ2 Þ2.

The same interaction of fermion DM also allows Higgs
invisible decay through h → ηχ̄χ, which is independent of
vη. The width is given by

Γðh → ηχ̄χÞ ¼ m3
h

ð4πÞ3
�
vh
Λ2

�
2

f

0
@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

4m2
χ

m2
h

s 1
A; ðC3Þ

where

fðxÞ ¼ 1

12
x −

1

3
xð1 − x2Þ − 1

16
xð1 − x2Þ2

þ 1

32
ð1 − x2Þ2ðx2 þ 5Þ ln

�
1þ x
1 − x

�
; ðC4Þ

and we ignore the mass of η.

FIG. 4. (a) Thermal history of the potential minima for benchmark point BM1. (b) VEV profile of η for benchmark point BM1.
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For the scalar DMwithL ¼ − 1
Λ3 ηϕϕHf̄f, when vη ≠ 0,

the dominant annihilation cross section is

σðϕϕ → f̄fÞ ¼ Nc

4πs

�
vhvη
Λ3

�
2 ðs − 4m2

fÞ
3
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s − 4m2
ϕ

q : ðC5Þ

DM also annihilates to ηf̄f, which is independent of vη.
The cross section is given by

σðϕϕ→ ηff̄Þ¼ Nc

ð4πÞ3
2s

3
2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

s−4m2
ϕ

q �
vh
Λ3

�
2

f

0
@

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−

4m2
f

s

s 1
A;

ðC6Þ

where fðxÞ is given by Eq. (C4) and we ignore the mass
of η.
Figure 5 shows the evolution of comoving DM density

for fermion (BM1) and scalar (BM2) DM with relevant
parameters fixed as given in Table I. When the VEVof η is
large, the DM-SM effective coupling parametrized by
hηi=Λ is sizeable, leading to the required relic. When
hηi is zero or vanishingly small, the relic is dominantly

dictated by the subleading or phase-space suppressed
processes, which lead to a thermally overproduced relic,
as shown by the dashed lines in Fig. 5. The evolution
follows the standard WIMP thermal history.
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