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Introduction

Dark matter :

solution for some problems in astrophysics (galaxy rotation curves,
galaxy-cluster collision,...)

from Planck data, it accounts for 26.8% of the energy content of the
Universe...

... but one is still ignorant about its nature

Higgs boson discovery (2012) as an elementary scalar particle
→ why not dark matter as well ?

Sofue, arXiv :astro-ph/9906224 NASA
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The whole picture

dark matter → cosmic phase transition → gravitational waves detection
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Higgs physics and cosmology David Weir

False vacuum

True vacuum

Figure 1: Schematic illustration of a first-order phase transition, after Ref. [12]. Bubbles of the true vacuum
are nucleated in the false vacuum. These expand, and collide. Gravitational waves are sourced both by the
bubble collisions themselves, and by the overlapping sound shells after the bubbles have merged. Credit:
A. Kormu.

gravitational waves [14]. If the walls move subsonically and there is sufficient CP violation in the
theory, this also represents a viable framework in which to achieve electroweak baryogenesis (see
Ref. [15] for a review).

In some cases, the electroweak phase transition is not the only symmetry-breaking phase tran-
sition in the model. There may be a first-order phase transition only involving other fields, followed
by the electroweak phase transition (which is usually then first order, too). Such ‘two-step’ scenar-
ios have been studied in Refs. [16, 17, 18]. In fact, these papers focussed on a triplet extension of
the Standard Model, which we investigated using the technique of high-temperature dimensional
reduction in Ref. [19] (see Ref. [20] for a thorough discussion of dimensional reduction in the
context of the electroweak phase transition).

2.1 Dimensional reduction

The full four-dimensional theory of the electroweak sector of the Standard Model, or one of
its extensions, is difficult to study nonperturbatively. If we instead construct a three-dimensional
high-temperature effective field theory, we can handle the infrared physics in a consistent way;
integrate most of the field content out; and map the four-dimensional parameters onto a much
simpler field theory. In the case of the gauge-Higgs minimal model of Refs. [8, 9], there are just
two free parameters: the quadratic and quartic terms in the three-dimensional scalar potential.
Higher dimensional operators are neglected, and all other fields have been integrated out.

Equipped with a dimensionally reduced model, we can use the three-dimensional quantum
field theory to study the phase transition in the original model. As the dimensionally reduced theory
correctly describes the infrared physics of the full finite-temperature field theory, we can use it to
study the phase diagram and determine quantities such as the latent heat and critical temperature.
One can use the three-dimensional effective potential [21], or simulate the theory on the lattice [8].
The lattice simulations of the three-dimensional theory were used to show that the endpoint of the
first-order critical line lies around 80GeV.

2.2 Results for extended models

If the additional degrees of freedom beyond the Standard Model Higgs are sufficiently heavy,
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First- and second-order phase transition

Mazumdar, White, arXiv :1811.01948

1st-order phase transitions are abrupt (existence of a barrier) :
the order parameter (vev) changes discontinuously from zero to a
non-zero value

2nd-order phase transitions/crossovers are smooth (no barrier) :
the order parameter (vev) changes continuously from zero to a
non-zero value
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Thermal phase transition

At high temperature, the false vacuum generally decays through thermal
tunneling :
A. D. Linde, Fate of the False Vacuum at Finite Temperature : Theory and Applications,

Phys. Lett. B100 (1981) 37.

φ

V (φ, T )

False
vacuum

True
vacuum

Thermal tunneling

Thermal barrier
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Phase transition

Wang, Huang, Zhang, arXiv :2003.08892
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Gravitational waves

one isolated bubble cannot lead to the production of GWs

collision between bubbles is the key ingredient to generate a stochastic
GW background

GWs propagate freely ⇒ useful tool to probe the early Universe

processes taking place at this stage of the Universe occur long before
the CMB
→ GW is the only possible channel
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Motivations

simple SM extension giving rise to 1st-order phase transitions

gravitational-wave background signals from 1st-order phase transitions
could be probed by space-based gravitational-wave detectors such as
LISA, BBO or DECIGO
→ new way to detect dark matter

computation of gravitational-wave signal for the whole allowed
parameter space not found in the literature

update : we scan the parameter space considering the most recent
phenomenological constraints

possibility of multi-step phase transitions → potentially multiple-peak
gravitational-wave signal (speci�c signature)
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Inert doublet model

Z2-symmetric tree-level potential :

V = −m2
1|H1|2 −m2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2

+ λ4|H†1H2|2 +
λ5
2

[
(H†1H2)2 + h.c.

]
,

with H1 and H2, the Standard-Model Higgs doublet and an inert Higgs
doublet respectively. They transform under Z2 as the following :

H1 → H1

H2 → e
i2π
2 H2 = −H2.

Z2 symmetry implies that particles can only appear or disappear in pairs,
so cannot decay.
For instance Z2 symmetry prevents H2 from interacting with matter. No
Yukawa couplings ψ̄H2ψ implies no decay of H2 into fermions → stable.
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Inert doublet model

H1 and H2 are parametrized as

H1 =

(
G+

v+h+iG0
√
2

)
, H2 =

(
H+

H+iA√
2

)
,

with v ' 246 GeV, the vev of H1 at T = 0.

Our DM candidate must be neutral → it can be either H or A.

In the EW vacuum V is invariant under H ↔ A except for the term
∼ λ5(H2 − A2).
⇒ without loss of generality, we choose H as the lightest component of H2.

All the subsequent results can be kept if A is DM, provided the change
H ↔ A, λ5 ↔ −λ5 .
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Physical parameters

We replace the parameters m2
1,m

2
2, λ1, λ3, λ4 and λ5 appearing in V with

physical parameters mh,mH ,mA,mH± , v and λ345.

Two of them are �xed to the known values :
v ' 246 GeV and mh ' 125 GeV .
→ the number of independent parameters is reduced by two.

The remaining independent parameters and λ2 are then further constrained
theoretically and by collider searches as well as cosmological observations.
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One-loop thermal e�ective potential

For the treatment of the phase transitions, we suppose that excursions in
the �eld space occur only on the (h,H) plane : we can put all the other
�elds to zero.
⇒ the tree-level potential becomes

V0(h,H) = −m2
1

2
h2 +

λ1
4
h4 − m2

2

2
H2 +

λ2
4
H4 +

λ345
4

h2H2,

with λ345 ≡ λ3 + λ4 + λ5.

To V0 we add quantum corrections VCW and VCT and thermal corrections
V T
1L. The resulting full e�ective thermal potential then reads

Ve�(h,H,T ) = V0 + VCW + VCT + V T
1L.
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Phase structure and transitions

Multi-step phase transition :

one-step phase transition : O → h

two-step phase transition : O → H → h and O → Hh→ h

three-step phase transition : O → H → Hh→ h

〈s〉

〈h〉(0, 0)

(0, s)

(h, 0)

(h, s)

〈H〉

〈h〉
O

H

h

Hh
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Input parameters for PTs with at least one FOPT step
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Relic abundance satis�es Planck constraint only for O → h.

Multi-step PT lead to under-abundance only.

Points yielding overabundant DM have been removed.
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Spin-independent direct-detection cross section

Points yielding overabundant DM have been removed.
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GW signal
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Points yielding overabundant DM and excluded by Xenon1T have been
removed.
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GW signal and relic density for O → h
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Points yielding overabundant DM and excluded by Xenon1T have been
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Double peak ?

10 3 10 1 101 103

f (Hz)

10 41

10 36

10 31

10 26

10 21

h2
G

W

O
1

H
1

Hh
2

h

O H
H Hh

10 3 10 1 101 103

f (Hz)

10 27

10 25

10 23

10 21

10 19

h2
G

W

Sum of GW power spectrum

Benchmark point : mH = 70 GeV, mA = 400 GeV, mH+ = 235 GeV,
λ2 = 3 and λ345 = 0.6.
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Conclusion

Although most PTs have a single step (O → h), two-step
(O → H → h and O → hH → h) and three-step
(O → H → hH → h) PTs are possible

SI-DD constraint allows multi-step PT only around the
Higgs-resonance region (mH ∼ mh/2) and O → H → h is allowed by
Xenon1T for mH ∈ [120, 160] GeV

strongest GW signal from O → h

LISA, BBO and DECIGO may mainly probe one-step PT

DM mostly under-abundant and right abundance only found for
one-step PT

no double-peak signal
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Phase transition parameters

Some de�nitions :
Grojean, Servant, arXiv :0607107 and Caprini, et al., arXiv :1512.06239

bubble nucleation rate (or decay rate of the false vacuum) Γ per unit
time per unit volume

Γ/V ∼ e−SE (t)

with SE the Euclidean action

inverse time duration of the phase transition

β ≡ −dSE
dt

∣∣∣∣
t=t∗

with t∗ the time when GWs are produced

Using the adiabatic time-temperature relation dT/dt = −H(T )T , we
obtain

β

H∗
= T∗

dSE
dT

∣∣∣∣
T=T∗

with H the Hubble parameter.
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Phase transition parameters

Some de�nitions :
Espinosa, Konstandin, No, Servant, arXiv :1004.4187

phase transition strength

α =
∆Ve� − T

4 ∆∂Ve�

∂T

ρ∗rad

∣∣∣
T=T∗

,

with ∆f ≡ f
∣∣
false vacuum

− f
∣∣
true vacuum

and the radiation energy
density of the thermal bath

ρ∗rad = g∗π
2T 4
∗ /30

where g∗ is the number of relativistic degrees of freedom in the plasma
at T∗, the temperature at which GWs are produced

Nico Benincasa Multi-step phase transitions and gravitational waves in the inert doublet model 23



Phase transition parameters

Tc : critical temperature

Tn : nucleation temperature

Tp : percolation temperature

Fast phase transitions (t � H−1) ⇒ Tn ' Tp.
Kobakhidze, Lagger, Manning, Yue, arXiv :1703.06552

At Tn, one bubble has nucleated per Hubble time per Hubble volume :

ΓH−4 ∼ O(1).
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Gravitational waves

one isolated bubble cannot lead to the production of GWs

collision between bubbles is the key ingredient to generate a stochastic
GW background

GWs propagate freely ⇒ useful tool to probe the early Universe

processes taking place at this stage of the Universe occur long before
the CMB
→ GW is the only possible channel

The power spectrum ΩGW of GWs from 1st-order phase transitions
consists of three di�erent contributions that should, at least
approximately, linearly combine :
Caprini, et al., arXiv :1512.06239

ΩGW ' Ωφ + Ωsw + Ωturb
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Scalar �eld φ

part of the released vacuum energy is transmitted to the bubble

envelope approximation : this part is essentially contained in a thin
shell near the bubble wall
Kosowsky, Turner, arXiv :9211004

short-lasting process : when bubbles collide, the energy contained in
the shells quickly disperse

conversion of vacuum energy into the scalar �eld gradient energy is
not so e�cient

brief process + ine�cient conversion → Ωφ is negligible in
non-runaway scenarios
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Sound waves

based on sound shell model
Hindmarsh, arXiv :1608.04735

detonation → rarefaction wave behind the bubble wall

de�agration → compression wave beyond the bubble wall

overlapping of sound wave shells → GW production

long-lasting process : sound waves remain a long time after bubbles
have collided
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MHD turbulence

turbulence after bubble collision

at most 5− 10% of the bulk motion is converted into turbulence (the
other part into sound waves)
Hindmarsh, arXiv :1504.03291

long-lasting process : acts as a source of GWs for several Hubble times
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Gravitational-wave production : summary

Wang, Huang, Zhang arXiv :2003.08892
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Possible scenarios

Depending on the velocity of the bubble wall, three scenarios are possible :
Caprini, et al., arXiv :1512.06239

Non-runaway bubbles : terminal velocity for the bubble wall due to
friction from the plasma → ΩGW ' Ωsw + Ωturb

Runaway bubbles in a plasma : bubble wall velocity tends to the speed
of light → ΩGW ' Ωφ + Ωsw + Ωturb

Runaway bubbles in vacuum : bubble wall velocity tends to the speed
of light → ΩGW ' Ωφ
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Parametrization

The requirement that the tree-level potential be minimized at the EW
vacuum and m2

h,m
2
H ,m

2
A and m2

H± (mG0 = mG± = 0 in the EW vacuum)
to be the eigenvalues of the tree-level mass matrix, leads to the following
parametrization :

m2
1 =

m2
h

2
, m2

2 = −m2
H + λ345

v2

2
, λ1 =

m2
h

2v2
,

λ3 = λ345 + 2
m2

H± −m2
H

v2
, λ4 =

m2
H + m2

A − 2m2
H±

v2

and λ5 =
m2

H −m2
A

v2
,

with λ345 = λ3 + λ4 + λ5.
H being the lightest component of H2 implies λ5 < 0 and
λ4 + λ5 = λ4 − |λ5| < 0.

Nico Benincasa Multi-step phase transitions and gravitational waves in the inert doublet model 31



Charged vacuum?

if vev for H±, the charged component of H2 :

would break U(1)EM (because of H±γγ coupling)
→ electric-charge non-conservation and massive photon

H is the lightest component → λ4 − |λ5| < 0...

... in contradiction with λ4 + λ5 > 0, needed for H± to develop a vev.

Ginzburg, Kanishev, Krawczyk, Sokolowska, arXiv :1009.4593
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Theoretical constraints

stability of the potential : bounded-from-below potential

H is the lightest component of H2 : λ4 − |λ5| < 0

global minimum at T = 0 : (h,H) = (v , 0)

perturbative unitarity : scattering matrix such that SS† = 1

⇒ |Re ai0| ≤
1

2
∀i

with ai0 the eigenvalues of a0, the 0
th partial wave amplitude
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Experimental constraints

LEP :

LEP I : precise measurements of Z and W decay width forbids decay of
Z and W into dark-sector particles :
Cao, Ma, Rajasekaran, arXiv :0708.2939

mH + mH± > mW , mA + mH± > mW ,

mH + mA > mZ , 2mH± > mZ

LEP II : mH < 80 GeV ∧mA < 100 GeV ∧mA −mH > 8 GeV is
excluded, while mH± > 70 GeV is allowed
Lundström, Gustafsson, Edsjö, arXiv : 0810.3924

Pierce, Thaler, arXiv : hep-ph/0703056

EWPT : 0 GeV < mH± −mA < 100 GeV
Belyaev, Cacciapaglia, Ivanov, Rojas-Abatte, Thomas, arXiv : 1612.00511
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Experimental constraints

Higgs invisible branching ratio :
If 2mH ≤ mh ' 125 GeV, h→ HH may occur ⇒ invisible Higgs decay

Br(h→ HH) =
Γ(h→ HH)

ΓSMh + Γ(h→ HH)
< 0.23− 0.36,

CMS Collaboration, arXiv : 1610.09218

ATLAS Collaboration, arXiv : 1909.02845

with ΓSMh the Higgs total decay width in the Standard Model

dark-matter relic density : ΩDMh
2 = 0.120± 0.001

Planck Collaboration, arXiv :1807.06209

where h is the dimensionless Hubble parameter, H = 100 h km/s/Mpc.
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Relic density

σ ∼ ∼ λ2345

ΩDMh
2 ∼ 1

〈σv〉 ∼
1

λ2345
→ constraint on λ345.
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Relic density

ΩDMh
2 ∼ 1

〈σv〉 ∼
1

λ2345
→ constraint on λ345.

Abundance of H can for instance satisfy ΩDMh
2 = 0.120± 0.001

Diaz, Koch, Urrutia-Quiroga, arXiv :1511.04429

for mH ∈ [3, 50] GeV (ruled out by Rγγ → 0, due to h→ HH, and by
SI DD cross-section experiment)

in the Higgs funnel region (mH ∼ mh/2)

for mH > 500 GeV

or
Blinov, Kozaczuk, Morrissey, de la Puente, arXiv :1510.08069

for compressed mass spectrum (mA −mH � 1 GeV and
mH± −mA,H & 1 GeV)

under-abundant for mZ/2 ≤ mH ≤ 500 GeV
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Experimental constraints

Constraint on spin-independent direct-detection cross section :
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Experimental constraints

Constraint on spin-independent direct-detection cross section :
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Figure 5: Rescaled spin independent direct detection rates σ̂SI versus Mh1 and the LUX100
constraint. The red-shaded region in the left frame is excluded by LEP data.

cross section, σ̂SI = RΩ × σSI , where the scaling factor RΩ = ΩDM/Ω
Planck
DM takes into account

the case of h1 representing only a part of the total DM budget, thus allowing for a convenient
comparison of the model prediction with the limits from LUX [84].

The flat asymptotic of σ̂SI in Fig. 5(a) for highMh1 means that the decrease of the proton-DM
scattering cross section σSI with increasing Mh1 is compensated by the growth of the relic density
which one can observe in Fig. 4(a). In Fig. 5(b), on the other hand, σ̂SI drops with large and
increasing values of Mh1 . This can be understood by observing from Fig. 4(b) that in this region
RΩ = ΩDM/Ω

Planck
DM ' constant, and therefore the asymptotic behaviour of σ̂SI is the same as for

σSI , that is, it goes down as Mh1 grows due to the reduced 〈σv〉.
A related question is whether the model can be better probed by indirect detection (ID)

experiments, i.e. the detection of energetic cosmic rays like e+, γ, p or p̄, which may be created
by the annihilation of h1 pairs. We have checked that the strongest bounds on the i2HDM
parameter space coming from such experiments are set by gamma ray telescopes: both the Fermi-
LAT gamma-ray space telescope [85] as well as ground based telescopes. Fermi-LAT is sensitive
to gamma rays particularly in the low mass range up to O(100 GeV), but the bounds are not
competitive with those coming from DD. This conclusion is also confirmed by studies in Ref. [60].
Another recent work, Ref. [86], indirectly confirms that the present Ferm-LAT data do not place
additional strong constraints on the i2HDM parameter space. The authors of that work looked at
the so-called gamma-ray Galactic center excess [87] and asked if it can be explained via the DM
annihilation in i2HDM. They indeed found a few possible regions, and estimate that one would
need 15 years of Fermi-LAT data to conclusively test it. In our work, we stay conservative and
do not interpret such signals as the DM evidence. We can only state that the regions selected in

17

Belyaev, Cacciapaglia, Ivanov, Rojas-Abatte, Thomas, arXiv :1612.00511

where σ̂SI = RΩ × σSI, with RΩ ≡ ΩDM/ΩPlanck
DM a scaling factor taking into

account the case where DM is under-abundant.
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One-loop thermal e�ective potential

We study the phase transitions in the early Universe : large temperature
⇒ �nite-temperature quantum �eld theory must be used to take thermal
e�ects into account.
The resulting full e�ective thermal potential reads

Ve� = V0 + VCW + VCT + V T
1L

V0 : tree-level potential

VCW : T = 0 Coleman�Weinberg potential

VCT : counterterms

V T
1L : one-loop thermal corrections
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One-loop thermal e�ective potential

For the treatment of the phase transitions, we suppose that excursions in
the �eld space occur only on the (h,H) plane : no vev (at any T) for the
remaining scalar degrees of freedom.
⇒ the tree-level potential

V = −m2
1|H1|2 −m2

2|H2|2 + λ1|H1|4 + λ2|H2|4 + λ3|H1|2|H2|2

+ λ4|H†1H2|2 +
λ5
2

[
(H†1H2)2 + h.c.

]
,

becomes

V0(h,H) = −m2
1

2
h2 +

λ1
4
h4 − m2

2

2
H2 +

λ2
4
H4 +

λ345
4

h2H2,

with λ345 = λ3 + λ4 + λ5.
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One-loop thermal e�ective potential

Ve� = V0 + VCW + VCT + V T
1L

In Landau gauge, the second term, VCW, is de�ned in the MS scheme as

VCW(h,H) =
1

64π2

∑
i

(−1)Fgi M
4
i (h,H)

[
ln

M2
i (h,H)

µ20
− Ci

]
,

where

gi : the number of degrees of freedom

M2
i (h,H) : i th eigenvalue of the �eld-dependent mass matrix

(M2)ab ≡ ∂2V /∂φa∂φb
µ0 : renormalisation scale (we take µ0 = v)

F = 1 for fermions and F = 0 for bosons

Ci = 3/2 for scalars, fermions and longitudinal gauge bosons and
Ci = 1/2 for transverse gauge bosons
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One-loop thermal e�ective potential

Ve� = V0 + VCW + VCT + V T
1L

The third term, VCT, contains the �nite parts of the counterterms that are
�xed such that the scalar vevs and masses remain at their tree-level values
at the T = 0 global minimum (v, 0) :

VCT(h,H) = δm2
hh

2 + δm2
HH

2 + δλ1h
4 ,

such that the following renormalization conditions are satis�ed :

∂VCT

∂h

∣∣∣
vev

= −∂VCW

∂h

∣∣∣
vev
,

∂2VCT

∂h2

∣∣∣
vev

=

−∂2VCW|G≡0
∂h2

+
1

32π2

∑
G=G0,G±

(
∂m2

G

∂h

)2

ln

(
m2
IR

µ2

)∣∣∣∣∣
vev

,

∂2VCT

∂H2

∣∣∣
vev

=

−∂2VCW|G≡0
∂H2

+
1

32π2

∑
G=G0,G±

(
∂m2

G

∂H

)2

ln

(
m2
IR

µ2

)∣∣∣∣∣
vev

.
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One-loop thermal e�ective potential

Ve� = V0 + VCW + VCT + V T
1L.

The last term, V T
1L, is de�ned as

V T
1L(h,H,T ) =

T 4

2π2

∑
i

gi JB/F

(
M2

i (h,H)

T 2

)
with

JB/F(y2) = (−1)F
∫ ∞
0

x2 log
[
1∓ e−

√
x2+y2

]
T : temperature

gi : degrees of freedom of the i th particle

M2
i (h,H) : i th eigenvalue of the �eld-dependent mass matrix

(M2)ab ≡ ∂2V /∂φa∂φb
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High-temperature expansion

In the high-temperature limit (|y2| = |M2
i /T

2| � 1), we can expand the
thermal function J as following :
Curtin, Meade, Ramani, arXiv :1612.00466

JB(y2) ≈ −π
4

45
+
π2

12
y2 − π

6
y3 − 1

32
y4 log

(
y2

ab

)
JF (y2) ≈ −7π

4

360
+
π2

24
y2 +

1

32
y4 log

(
y2

af

)
ab = π2 exp(3/2− 2γE )

af = 16π2 exp(3/2− 2γE )

with γE ' 0.577, the Euler�Mascheroni constant.
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High-temperature expansion
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Imaginary contributions

The cubic term in

JB(y2) ≈ −π
4

45
+
π2

12
y2 − π

6
y3 − 1

32
y4 log

(
y2

ab

)
can be imaginary for M2

i < 0. Indeed,

y3 = (y2)3/2 =

(
M2

i

T 2

)3/2

⇒ Im y3 6= 0 for M2
i < 0

Likewise for the lnM2
i term in VCW.

⇒ Thus we always consider the real part of Ve� in our calculations.
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Thermal resummation

Finally, we use the thermally improved �nite-temperature potential, which
is obtained by adding to the �eld-dependent masses in VCW and V T

1L the
leading thermal corrections :

M2
i (h,H)→ M2

i (h,H) + ciT
2,

where the coe�cients ci are given by

ch =
1

16
(g21 + 3g22 ) +

1

4
y2t +

6λ1 + 2λ3 + λ4
12

,

cH =
1

16
(g21 + 3g22 ) +

6λ2 + 2λ3 + λ4
12

for the scalars.

Nico Benincasa Multi-step phase transitions and gravitational waves in the inert doublet model 48



Parameter-space scan

Range of parameters :
Belyaev, et al., arXiv :1612.00511

mH ∈ [10, 1000] GeV

mA ∈ [mH , 1000 GeV]

mH± ∈ [mH , 1000 GeV]

λ2 ∈ [0, 4π/3] (vacuum stability and perturbative unitarity)

λ345 ∈ [−1.47, 4π] (vacuum stability and perturbative unitarity)

we consider the runaway-bubble-in-plasma scenario (vw ∼ 1)

we use micrOMEGAs and CosmoTransitions, respectively, to compute
the relic density and the phase-transition parameters

These ranges are further constrained by the remaining
theoretical/experimental constraints.
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SOPT and FOPT
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Points yielding overabundant DM have been removed.
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Input parameters (O → h)

0 200 400 600 800 1000
mH [GeV]

0.0

2.5

5.0

7.5

10.0

34
5

O
2

h

DM obs
DM

0 200 400 600 800 1000
mH [GeV]

200

400

600

800

1000

m
A
 [G

eV
]

O
2

h

DM obs
DM

0 1 2 3 4
2

0.0

2.5

5.0

7.5

10.0

34
5

O
2

h

DM obs
DM

10 6

10 5

10 4

10 3

10 2

10 1

h2
DM

10 6

10 5

10 4

10 3

10 2

10 1

h2
DM

10 6

10 5

10 4

10 3

10 2

10 1

h2
DM

0 200 400 600 800 1000
mH [GeV]

0.0

2.5

5.0

7.5

10.0

34
5

O
1

h

DM obs
DM

0 200 400 600 800 1000
mH [GeV]

0

200

400

600

800

1000

m
A
 [G

eV
]

O
1

h

DM obs
DM

0 1 2 3 4
2

0.0

2.5

5.0

7.5

10.0

34
5

O
1

h

DM obs
DM

10 6

10 5

10 4

10 3

10 2

10 1

h2
DM

10 6

10 5

10 4

10 3

10 2

10 1

h2
DM

10 6

10 5

10 4

10 3

10 2

10 1

h2
DM

Points yielding overabundant DM have been removed.
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Input parameters (O → H → h)

This phase transition is mostly of the �rst-order kind :
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Narrower parameter space for O → H → h (at least one FOPT) :

mH ≤ 250 GeV

mA,H± ≤ 500 GeV

λ345 ∈ [0, 3]

unchanged for λ2 : [0, 4]

under-abundant dark matter

Points yielding overabundant DM have been removed.
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Input parameters (O → Hh→ h)

This phase transition is mostly of �rst-order kind :
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Even narrower parameter space for O → Hh→ h (at least one FOPT) :

mH ≤ 90 GeV

mA,H± ≤ 450 GeV

λ345 ∈ [0, 0.9]

λ2 ∈ [1, 4]

under-abundant dark matter

Points yielding overabundant DM have been removed.
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Input parameters (O → H → Hh→ h)

60 80 100 120
mH [GeV]

0.25

0.50

0.75

1.00

1.25

1.50

34
5

O
2

H
2

Hh
2

h 

60 80 100 120
mH [GeV]

50
100
150
200
250
300
350
400

m
A
 [G

eV
]

O
2

H
2

Hh
2

h 

0 1 2 3 4
2

0.25

0.50

0.75

1.00

1.25

1.50

34
5

O
2

H
2

Hh
2

h 

10 6

10 5

10 4

10 3

h2
DM

10 6

10 5

10 4

10 3

h2
DM

10 6

10 5

10 4

10 3

h2
DM

60 80 100 120
mH [GeV]

0.25

0.50

0.75

1.00

1.25

1.50

34
5

O H Hh h (at least one FOPT)

60 80 100 120
mH [GeV]

50
100
150
200
250
300
350
400

m
A
 [G

eV
]

O H Hh h (at least one FOPT)

0 1 2 3 4
2

0.25

0.50

0.75

1.00

1.25

1.50

34
5

O H Hh h (at least one FOPT)

10 5

10 4

10 3

h2
DM

10 5

10 4

10 3

h2
DM

10 5

10 4

10 3

h2
DM

Points yielding overabundant DM have been removed.
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Phase-transitions parameters
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Points yielding overabundant DM have been removed.
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Tn vs Tc
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Points yielding overabundant DM have been removed.
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Monojet search

Projected limit on λ345 from pp → HHj at 13 TeV :
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Points yielding overabundant DM and excluded by Xenon1T have been
removed.
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Feynman diagrams for the projected limit on λ345 from
pp → HHj at 13 TeV
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Figure 12: Feynman diagrams for the pp→ h1h1j process contributing to a mono-jet signature.

mass for this signature is the Higgs mass, MH = 125 GeV, thus the Effective Field Theory (EFT)
approach is not applicable for this process. Also, the recent limits by ATLAS [91] and CMS
[92, 93] collaborations are not directly applicable for this process since they have been obtained
for a different spin of the mediator and different spin of DM.
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Figure 13: Feynman diagrams for qq̄ → h1h2g (gq → h1h2q) process contributing to mono-jet
signature.

There is one more process, namely qq̄ → h1h2g (gq → h1h2q) (see diagrams in Fig. 13), that
can contribute to a mono-jet signature in the special case of a small mass split between h1 and h2.
In this scenario h2 decays to h1 plus soft jets and/or leptons. The essential parameter space for
this process is the two-dimensional (Mh1 ,Mh2) plane which fixes its cross section. This channel is
particularly relevant in the Λ345 ∼ 0 region at low mass that we discovered in this study.

4.1.2 Mono-Z production

Besides mono-jets, the i2HDM gives rise to a mono-Z signature, the diagrams for which are
presented in Fig. 14. The first diagram scales with λ345 while the other two are fixed by electroweak

26

Belyaev, Cacciapaglia, Ivanov, Rojas-Abatte, Thomas, arXiv :1612.00511
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Input parameters (O → h) allowed by Xenon1T and LISA
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Points yielding overabundant DM and excluded by Xenon1T and LISA have
been removed.
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Benchmark point

BM point : mA = 400 GeV, mH+ = 235 GeV, λ2 = 3 and λ345 = 0.6, with
variation of mH . The quantity ΩH/ΩDM is the fraction that the inert scalar
H contributes to the relic density.
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GW signal for a benchmark point
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BM point : mH = 70 GeV, mA = 400 GeV, mH+ = 235 GeV, λ345 = 0.6
and λ2 ∈ [0.7, 1.1].
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GW signal for a benchmark point
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BM point : mH = 68 GeV, mA = 398 GeV, mH+ = 233 GeV, λ345 = 0.6
and λ2 ∈ [2.9, 3.2].
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New W mass measurement

CDF Collaboration

Nico Benincasa Multi-step phase transitions and gravitational waves in the inert doublet model 63



New W mass constraint on input parameters

PDG mW :

CDF mW :

Points yielding overabundant DM have been removed.
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New W mass constraint on SI DD and GW signal

SI DD signal :
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Points yielding overabundant DM

GW signal basically not impacted
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