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Higgs

Open fundamental questions        

  Is it the SM Higgs?

  Is it small mass “natural"?

  Is it an elementary or composite particle?

  Is it unique?

  Is it the first supersymmetric particle ever observed?

  Is it the only responsible for the masses of all the elementary particles? 

  Is it a portal to a hidden world?

The SM is a “partial" description of 
the Nature,  it could be part of a 
more general theory which will 

manifest itself at energies higher than 
the ones explored till now
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Inspired by QCD where one observes that the  
(pseudo) scalars are the lightest states

the Higgs could be a kind of pion  
arising from a new strong sector
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Mass protected by the global QCD symmetry
because it’s a Goldstone 

The basic idea: 
Higgs as Goldstone boson of G/H in a strong sector

Higgs as a Composite pseudo Nambu Goldstone Boson
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 Need to choose the correct G  H (spontaneous) 
breaking at f (~ TeV) to have the required NGBs (  4)

Need to break H (explicitly, so pNGBs) via g0 (gauge) 
and Y (Yukawa) couplings to generate the one-loop 
effective potential for EWSB

Need to include new composite resonances from the 
confining strong dynamics

→
≥

Basic rules for explicit composite pNGB models



Aμ, ψ ∈ SU(2) × U(1)

Elementary sector Strong sector
ρμ, Ψ ∈ Gstrongℒmix = g0AμJμ

ρ + Δψ̄Ψ

Composite Higgs Models



partial compositeness

Linear elementary-composite fermion mixings 
➞  for the 3rd genera7on quarks

Aμ, ψ ∈ SU(2) × U(1)

Elementary sector Strong sector
ρμ, Ψ ∈ Gstrongℒmix = g0AμJμ
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Minimal = One dobulet

Doublet + Singlet

Two Doublets

New players in the game

Models with a larger Higgs structure with respect to the SM have been largely discussed
Supersymmetry requires two Higgs doublets with specific Yukawa and potential terms

2HDMs offer a rich phenomenology in EW and flavour physics

Look for a pNGB realisation of extended Higgs scenarios

Extended Composite Higgs Models



 EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2).  The unbroken group contains the 
custodial SO(4)

J.Mrazek et al. ’11; De Curtis,Moretti,Yagyu,Yildirim '16, De Curtis,Delle Rose,Moretti,Yagyu '18

 Alignment conditions on the strong Yukawa couplings must be imposed to suppress FCNCs (composite 
version of an  Aligned 2HDM  Pich,Tuzón,’09 )

Composite 2-Higgs Doublet Model (C2HDM)



 EWSB is driven by 2 Higgs doublets as pNGBs of SO(6)/SO(4)xSO(2).  The unbroken group contains the 
custodial SO(4)

J.Mrazek et al. ’11; De Curtis,Moretti,Yagyu,Yildirim '16, De Curtis,Delle Rose,Moretti,Yagyu '18

 Alignment conditions on the strong Yukawa couplings must be imposed to suppress FCNCs (composite 
version of an  Aligned 2HDM  Pich,Tuzón,’09 )

 Fermion sector:  embed the 3rd generation quarks into SO(6) reps. + linear couplings ΔL,R between 
composite and elementary fermions (partial compositeness)

1 Introduction
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The scenario we consider is characterized by the following structure of interactions

L = L2HDM + Lcomp (2)

where
L2HDM = Y ukawa+ V (H1, H2) + kinetic� terms (3)

The renormalizable 2HDM potential is given
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Aim of this work is to compute in an expansion in v2/f2 the leading contributions to the parameters
(m2

i
,�i) originating from the composite sector.

2 Composite two Higgs doublet models

In this section we discuss the main aspects of composite two Higgs doublet models, highlighting the
main di↵erences with the renormalizable case. In the introduction we separated the two main aspects
in L2HDM and Lcomp. The former contains the kinetic terms and the scalar potential (up to quartic
terms) and the Yukawa structure, while the latter includes e↵ective operators (starting from dimension
six) that can give modifications to Higgs couplings to bosons and fermions, e↵ects in flavour physics
and electroweak precision tests. In general these e↵ective operators are suppressed by at least a factor
of 1/f2, however, larger suppressions can be achieved by virtue of some approximate symmetries of the
underlying composite dynamics.

In the spirit of Composite Higgs models with partial compositeness, the parameters that enter the
two terms are related to each other...

2.1 Custodial symmetry

A renormalizable 2HDM never faces custodial breaking e↵ects at tree-level (as manifest from the famous
formula for the ⇢ parameter). This can be traced back to the presence, when the hypercharge coupling
is neglected, of a large SU(2)L⇥Sp(4) symmetry of the kinetic terms of the two Higgs doublets. Since in
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  Two heavy fermions’ sextuplets  𝛙J needed for an UV finite effective potential  I,J=1,2                                       

+ h.c.

                  (partial compositeness for the top)

Yukawas,linear mixings, heavy fermion mass parameters
scale of 

compositeness,

The SM fields are linearly coupled to operators of the strong sector and explicitly break its symmetry                 
A potential for the Higgses is radiatively generated, couplings and masses determined by the strong sector

Composite 2-Higgs Doublet Model (C2HDM)



 Aligned 2HDM realised in a composite scenario

• Same physical Higgs states as in the elementary 2HDM:   h, H, A, H±  (h=SM-like Higgs)

2-Higgs Doublets as pNGBs



 Aligned 2HDM realised in a composite scenario

• Same physical Higgs states as in the elementary 2HDM:   h, H, A, H±  (h=SM-like Higgs)

• CP-even states:  h, H  

mh ~ v    mH  ~ f + O(v)

θ is predicted to be small: O(ξ) for large f 

green points satisfy the bounds from 
direct and indirect Higgs searches

• CP-odd states:  A, H±

mA ~ mH± ~ f  + O(v) 
f  ➞ ∞   SM limit  
H, A, H± decouple 
h ➞ hSM

θ = mixing angle between 
the two CP-even Higgses h,H

tested against HiggsBounds and HiggsSignals

ξ=v2/f2

2-Higgs Doublets as pNGBs



 Aligned 2HDM realised in a composite scenario

• Same physical Higgs states as in the elementary 2HDM:   h, H, A, H±  (h=SM-like Higgs)

• CP-even states:  h, H  

mh ~ v    mH  ~ f + O(v)

θ is predicted to be small: O(ξ) for large f 

green points satisfy the bounds from 
direct and indirect Higgs searches

• CP-odd states:  A, H±

mA ~ mH± ~ f  + O(v) 
f  ➞ ∞   SM limit  
H, A, H± decouple 
h ➞ hSM

θ = mixing angle between 
the two CP-even Higgses h,H

tested against HiggsBounds and HiggsSignals

ξ=v2/f2

in the C2HDM the Higgs sector 
parameters are correlated and carry 

the imprint of compositeness

Ex:  Htt  and   Hhh       → 

2-Higgs Doublets as pNGBs



• h couplings to SM particles:
dictated by symmetries (as in QCD chiral 
Lagrangian) Ex:  corrections of order ξ  to the hVV 
couplings.  Also modified by the mixing angle θ

kV≃(1-ξ/2) cos𝛳 V=W,Z

green points satisfy the present bounds

in C2HDM,  θ ~ O(ξ) for large f   
f  ➞ ∞   SM limit  

X =
ghXX

gSMhXX

C2HDM - facing the data

ξ=v2/f2



• h couplings to SM particles:
dictated by symmetries (as in QCD chiral 
Lagrangian) Ex:  corrections of order ξ  to the hVV 
couplings.  Also modified by the mixing angle θ

kV≃(1-ξ/2) cos𝛳 V=W,Z

green points satisfy the present bounds

in C2HDM,  θ ~ O(ξ) for large f   
f  ➞ ∞   SM limit  

X =
ghXX

gSMhXX

C2HDM - facing the data

NOW:  the Higgs couplings are 
constrained at 10-20% level

ξ ≤ 0.1    f ≥ 750 GeV

ξ=v2/f2



• h couplings to SM particles:
dictated by symmetries (as in QCD chiral 
Lagrangian) Ex:  corrections of order ξ  to the hVV 
couplings.  Also modified by the mixing angle θ

kV≃(1-ξ/2) cos𝛳 V=W,Z

green points satisfy the present bounds

in C2HDM,  θ ~ O(ξ) for large f   
f  ➞ ∞   SM limit  

X =
ghXX

gSMhXX

C2HDM - facing the data

ξ=v2/f2

HL-LHC : the Higgs couplings 
will be constrained at 2-4% level

ξ ≤ 0.04    f ≥ 1200 GeV

CHMs 
NOT 

ruled out



Can di-Higgs production at LHC reveal the underlying EWSB?

Signals of New Physics in gg → hh 

INGREDIENTS:  modified h couplings, s-channel H exchange, new heavy 
tops in the loops, new quartic hhTT (typical of pNGBs)

Ti = t,T’s with Q=2/3

In C2HDM both resonant and non-resonant modes yield to a change in 
the integrated cross-section and to peculiar kinematic features in its 

differential distributions 



scan over the model parameters  700≤f(GeV)≤3000,  0 ≤Δ,Y,M𝜓 ≤10f
with the constraints to reconstruct vSM, mh, mtop exp. values, and MT≥1.3 TeV

deviations up to 10% in  ghtt and 15% in  𝝀hhh

SM
the grey points are 
excluded by the 
present direct and 
indirect Higgs 
searches 
(enforced with 
HiggsBounds and 
HiggsSignals)   

h-top Yukawa and h-trilinear couplings in the C2HDM



Numerical analysis
 De Curtis, Delle Rose, Egle, Mühlleitner, Moretti, Sakurai, 2310.10471

The di-Higgs production cross sections through gluon fusion are computed by adapting the 
public code HPAIR (M. Spira),  that has been extended to include the C2HDM

INCLUSIVE RESULTS 



Numerical analysis
 De Curtis, Delle Rose, Egle, Mühlleitner, Moretti, Sakurai, 2310.10471

The di-Higgs production cross sections through gluon fusion are computed by adapting the 
public code HPAIR (M. Spira),  that has been extended to include the C2HDM

INCLUSIVE RESULTS 

NON-RESONANT:  MH < 2 mh   + cases 
with suppressed resonant contribution 
(small H couplings, large mH, large 𝛤H,
 destructive interferences between diagrams) 
𝛔(gg→ H)xBR(H→ hh)/𝛔(gg→ hh) < 0.1

NON-RESONANT

ATLAS 95% bound combining 
different final states ~ 2.3 𝛔SM



Numerical analysis
 De Curtis, Delle Rose, Egle, Mühlleitner, Moretti, Sakurai, 2310.10471

The di-Higgs production cross sections through gluon fusion are computed by adapting the 
public code HPAIR (M. Spira),  that has been extended to include the C2HDM

INCLUSIVE RESULTS 

RESONANT:   MH> 2 mh

compare with the exp. limits on resonant 
di-Higgs production obtained in the 
narrow width approximation (points with   
𝚪H/MH >5%   are not excluded)

RESONANT

NON-RESONANT:  MH < 2 mh   + cases 
with suppressed resonant contribution 
(small H couplings, large mH, large 𝛤H,
 destructive interferences between diagrams) 
𝛔(gg→ H)xBR(H→ hh)/𝛔(gg→ hh) < 0.1

NON-RESONANT

ATLAS 95% bound combining 
different final states ~ 2.3 𝛔SM



Impact of new C2HDM effects (not present in 2HDM)  

The largest cross-sections are the resonant ones (yellow and green BPs) 
are not affected by heavy Tops and new quartic terms

Heavy Top-partner 
contribution

new quartic hhff 
contribution

main contribution from 
the heavy Tops which 
increases  𝛔hh  up to          

2 𝛔hh(SM)

can interfere both 
costructively and 

(mainly) destructively 
depending on the sign of 

the quartic coupling  



H contribution

the heavy Higgs H can have a sizeable BR in T9T8,7 
T9=top, T8,7= lightest heavy tops

Peculiar feature of the C2HDM: 𝚪H/MH can be ~10-20%

H Ht

t
t



mH ~ 2.6 TeV

𝛤H/mH ~ 19%
Large Width

non-resonant case

hhTT contribution

large contribution from 

the top partners mT  > 2.7 TeV

→H-resonance

SM

1. modified hhh ( ) and tth ( ) couplings  small deviations 
2. additional H contributions  present in several BSM schemes (MSSM, 2HDM, …)
3. additional heavy top contributions (t’ = Ti , i = 1,…, 8)  naturally present in CHMs
4. quartic tthh coupling (since h is pNGB)  naturally present in CHMs 

κλ κt →
→

→
→

di-Higgs production in C2HDM - invariant mass distributions



mH ~ 1.2 TeV
𝛤H/mH ~ 5.4%

resonant case

mT  > 1.3 TeVcontribution from 

the top partners
hhTT contribution destructive interference before 

the peak and constructive 
interference after the peak

start to see the threshold shape 
at 2MT induced  by boxes

→
H-resonance
BW distortion due to 
interference effects

SM

di-Higgs production in C2HDM - invariant mass distributions



mH ~ 1.2 TeV
𝛤H/mH ~ 5.4%

resonant case

mT  > 1.3 TeVcontribution from 

the top partners
hhTT contribution destructive interference before 

the peak and constructive 
interference after the peak

start to see the threshold shape 
at 2MT induced  by boxes

→
H-resonance
BW distortion due to 
interference effects

SM

The results of the present analysis are 
primarily of theoretical nature and serve to 
demonstrate that a computable framework 
exists within composite scenarios that can 

eventually be tested experimentally

di-Higgs production in C2HDM - invariant mass distributions



deviations in the 
Higgs couplings

First order  EW 
phase transition

Gravitational Wave 
signals

EW Baryogenesis

New Physics 
in the Higgs sector

e.g. Signals in di-Higgs 
production 



deviations in the 
Higgs couplings

First order  EW 
phase transition

Gravitational Wave 
signals

EW Baryogenesis

New Physics 
in the Higgs sector

observables at  
present and future colliders

observables at  
future interferometers

Cosmology - Collider  synergy

e.g. Signals in di-Higgs 
production 



The EW symmetry is restored at T > T0     
below T0   a new (local) minimum appears

At a critical Tc  the two minima are degenerate 
and separated by a barrier  (two phases 
coexist)

The transition starts at the bubble nucleation 
temperature Tn < Tc

  Strong EW Phase Transition can trigger Baryogenesis 

Thermal History



The EW symmetry is restored at T > T0     
below T0   a new (local) minimum appears

At a critical Tc  the two minima are degenerate 
and separated by a barrier  (two phases 
coexist)

The transition starts at the bubble nucleation 
temperature Tn < Tc

  Strong EW Phase Transition can trigger Baryogenesis 

Thermal History

 Baryon number  violation 

  C and CP violation

  Out of equilibrium dynamics: 
(strong) 1st order    phase transition

Sakharov Conditions for Baryogenesis

In the SM phase transition is a smooth 
crossover,  also not enough CP violation 

from CKM  ➞   NP needed !!   



Composite Dynamics in the Early Universe
Properties of the EWPhT

H+ 𝜼   pNGBs of  SO(6) -> SO(5) (De Curtis,Delle Rose,Panico,2019)

——  Strength of the phase transition 
vn/Tn     (vn=<h>|Tn)

a crucial parameter for EWBG

Tn is one of the parameter characterising 
the amplitude and the frequency peak of 

the GW spectrum
(*) the rate of bubble formation does not balance 
the Hubble expansion (ex.  𝜆h𝜂   too large produces 

a high barrier) and no EWSB occurs

The EWPhT starts at  Tn < Tc  determined by requiring: 
Rate of nucleation of  bubbles / Hubble volume  ~  1  
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Figure 5: Left panel: Strength of the phase transition vn/Tn. Right panel: Scatter plot of the
vacuum energy density parameter ↵ (red dots) and of the bubble width LwTn for the Higgs (blue
dots) and the ⌘ (green dots) components as a function of the phase transition strength vn/Tn.

we also show the scatter plot for the width of the bubble wall Lw, which is reported in
the combination LwTn both for the Higgs (blue dots) and the ⌘ (green dots) components.
Also in this case a strong correlation with the strength of the phase transition is present.

The last parameter we consider is the inverse time duration of the phase transition,
normalised to the Hubble rate This quantity controls the amplitude of the gravitational
wave spectrum and can be computed from the variation of the bounce action with respect
to the temperature

�

Hn

= T
d

dT

✓
S3

T

◆ ����
Tn

. (56)

The numerical results for �/Hn are shown in the left panel of fig. 6. Larger values
for �/Hn (�/Hn ⇠ 3000) are obtained for small �h⌘, i.e. for larger phase transition
temperatures. On the other hand, for larger �h⌘, the values of �/Hn are significantly
smaller (�/Hn ⇠ 100). It must be noticed that the value of �/Hn strongly depends on
the transition temperature. As can be seen in the right panel of fig. 6 for a benchmark
point, even a few GeV di↵erence in the phase transition temperature can modify �/Hn

by almost one order of magnitude.

6 Gravitational waves

The transition between two minima separated by a potential barrier is described by the
nucleation of bubbles of true vacuum in the background of metastable vacuum. The
bubbles expand, collide and eventually coalesce filling the whole space. This phenomenon

26

two-step phT

(0,w)

The computation of  Tn requires solving 
(numerically) a two-field bounce equation          

(use CosmoTransition package)

(*)



Strong  EWPhT,  EWBG and GW spectrum 
linked  by a CHM scenario   
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Figure 8: Observational reach of the gravitational signal from the first order EWPhT at
Ultimate-DECIGO for a benchmark scenario with m⌘ = 250GeV. The solid grey contours
show the values of b/f needed to guarantee a su�cient amount of CP violation to achieve EW
baryogenesis.

spectrum at high frequencies.
In fig. 7 (right) we show the sensitivity reach of the three future GW experiments

LISA, BBO and DECIGO, as well as the prediction of the GW spectra for three bench-
mark points. The benchmarks have fixed m⌘ = 250 GeV and �⌘ = 2 and are defined,
respectively, by �h⌘ = 1.27 (dotted line), �h⌘ = 1.33 (dot-dashed line) and �h⌘ = 1.34
(dashed line). As �h⌘ increases, the GW signal strengthens and the peak of the spectrum
shifts towards smaller frequencies, which are preferred by space-based interferometers.
Indeed, the frequency peak

fpeak

SW (MHD)
= 1.9 (2.7)⇥ 10�5 Hz

1

vw

✓
�

Hn

◆✓
Tn

100GeV

◆⇣ g⇤
100

⌘ 1
6
, (58)

where g⇤ is the number of relativistic degrees of freedom in the plasma at the time of the
phase transition, scales linearly with �/Hn and Tn, which both decrease when the portal
coupling increases.

The prospect of observations of GWs at Ultimate-DECIGO in the two dimensional
parameter space of �h⌘ and �⌘ for singlet mass m⌘ = 250GeV is depicted in fig. 8. We
decided not to show the region accessible at LISA, since it can only test a narrow strip at
the right edge of the two-step transition region.

29

b/f ~ phase in the top mass - 
needed to guarantee the amount of 
CP violation for EW Baryogenesis  
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Strong  EWPhT,  EWBG and GW spectrum 
linked  by a CHM scenario   
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Figure 8: Observational reach of the gravitational signal from the first order EWPhT at
Ultimate-DECIGO for a benchmark scenario with m⌘ = 250GeV. The solid grey contours
show the values of b/f needed to guarantee a su�cient amount of CP violation to achieve EW
baryogenesis.

spectrum at high frequencies.
In fig. 7 (right) we show the sensitivity reach of the three future GW experiments

LISA, BBO and DECIGO, as well as the prediction of the GW spectra for three bench-
mark points. The benchmarks have fixed m⌘ = 250 GeV and �⌘ = 2 and are defined,
respectively, by �h⌘ = 1.27 (dotted line), �h⌘ = 1.33 (dot-dashed line) and �h⌘ = 1.34
(dashed line). As �h⌘ increases, the GW signal strengthens and the peak of the spectrum
shifts towards smaller frequencies, which are preferred by space-based interferometers.
Indeed, the frequency peak
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where g⇤ is the number of relativistic degrees of freedom in the plasma at the time of the
phase transition, scales linearly with �/Hn and Tn, which both decrease when the portal
coupling increases.

The prospect of observations of GWs at Ultimate-DECIGO in the two dimensional
parameter space of �h⌘ and �⌘ for singlet mass m⌘ = 250GeV is depicted in fig. 8. We
decided not to show the region accessible at LISA, since it can only test a narrow strip at
the right edge of the two-step transition region.
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b/f ~ phase in the top mass - 
needed to guarantee the amount of 
CP violation for EW Baryogenesis  

ex
tr

a-
sc

al
ar

 q
ua

rt
ic

 c
ou

pl
in

g

portal interaction 
coupling

The bubbles expand, collide incoherently …  
    Stochastic Background of GW’s :
(bubble collisions, sound waves in the plasma,  

magnetohydrodynamic turbulence effects)

same region where the EWBG 
could be achievable 
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Figure 7: Left panel: Leading contributions to the GW spectrum in the non-runaway regime
for the benchmark point m⌘ = 250 GeV, �h⌘ = 1.63 and �⌘ = 6. Red, green and dashed
lines correspond, respectively, to GWs from sound waves in the plasma, magnetohydrodynamic
turbulences and the linear combinations of the two. Right panel: GW spectra as a function of
the frequency for three benchmark points with m⌘ = 250 GeV, �⌘ = 2 and �h⌘ = 1.27 (dotted),
�h⌘ = 1.33 (dot-dashed), �h⌘ = 1.34 (dashed). Sensitivity curves of some future space-base
interferometers are also shown.

driving the bubble expansion overcomes the friction and leads to an indefinite velocity
growth. The bubble velocity represents a crucial parameter since an e�cient production
of baryon asymmetry prefers the deflagration regime while the observability of GWs is
more favourable in the detonation and runaway scenarios. It has been shown recently
[13], in the context of a two step phase transition driven by the extra scalar state of a
second Higgs doublet, that in the region of parameter space where the EW baryogenesis
is achievable, the GW spectrum of the EWPhT is within the sensitivity reach of future
interferometers. Indeed, even for very strong phase transitions, vn/Tn ' 4, the bubble wall
velocity remains subsonic. The determination of vw is very challenging and requires the
microscopic calculation of the friction term and the solution of the Boltzmann equations
modelling the interaction of the scalar fields with the thermal plasma, see for instance
refs. [70–75]. The exact computation of the velocity is beyond the scope of this work, here
we use for the sake of simplicity the prediction of vw, as a function of ↵, that has been
estimated in ref. [13].

The three sources of GW are characterised by di↵erent peak frequencies that, if suf-
ficiently separated, can lead to a non-trivial structure for the spectrum, helping in the
extraction of the signal from the instrumental background noise. As an example, we show
in fig. 7 (left) the contribution of the di↵erent components to h2⌦GW for a selected point
with m⌘ = 250 GeV, �h⌘ = 1.63 and �⌘ = 6. Notice that in the non-runaway regime the
contributions from bubble collisions can be neglected. Numerical simulations show that
the relative distance between the peaks of the two spectra is fixed, fpeak

SW
/fpeak

MHD
' 0.7,

and that the signal from sound waves decays faster for larger GW frequency fGW, namely
h2⌦SW ⇠ f�4

GW
and h2⌦MHD ⇠ f�5/3

GW
. This explains the typical shoulder of the GW
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Strong  EWPhT,  EWBG and GW spectrum 
linked  by a CHM scenario   
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Figure 8: Observational reach of the gravitational signal from the first order EWPhT at
Ultimate-DECIGO for a benchmark scenario with m⌘ = 250GeV. The solid grey contours
show the values of b/f needed to guarantee a su�cient amount of CP violation to achieve EW
baryogenesis.

spectrum at high frequencies.
In fig. 7 (right) we show the sensitivity reach of the three future GW experiments

LISA, BBO and DECIGO, as well as the prediction of the GW spectra for three bench-
mark points. The benchmarks have fixed m⌘ = 250 GeV and �⌘ = 2 and are defined,
respectively, by �h⌘ = 1.27 (dotted line), �h⌘ = 1.33 (dot-dashed line) and �h⌘ = 1.34
(dashed line). As �h⌘ increases, the GW signal strengthens and the peak of the spectrum
shifts towards smaller frequencies, which are preferred by space-based interferometers.
Indeed, the frequency peak
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where g⇤ is the number of relativistic degrees of freedom in the plasma at the time of the
phase transition, scales linearly with �/Hn and Tn, which both decrease when the portal
coupling increases.

The prospect of observations of GWs at Ultimate-DECIGO in the two dimensional
parameter space of �h⌘ and �⌘ for singlet mass m⌘ = 250GeV is depicted in fig. 8. We
decided not to show the region accessible at LISA, since it can only test a narrow strip at
the right edge of the two-step transition region.
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b/f ~ phase in the top mass - 
needed to guarantee the amount of 
CP violation for EW Baryogenesis  
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Figure 7: Left panel: Leading contributions to the GW spectrum in the non-runaway regime
for the benchmark point m⌘ = 250 GeV, �h⌘ = 1.63 and �⌘ = 6. Red, green and dashed
lines correspond, respectively, to GWs from sound waves in the plasma, magnetohydrodynamic
turbulences and the linear combinations of the two. Right panel: GW spectra as a function of
the frequency for three benchmark points with m⌘ = 250 GeV, �⌘ = 2 and �h⌘ = 1.27 (dotted),
�h⌘ = 1.33 (dot-dashed), �h⌘ = 1.34 (dashed). Sensitivity curves of some future space-base
interferometers are also shown.

driving the bubble expansion overcomes the friction and leads to an indefinite velocity
growth. The bubble velocity represents a crucial parameter since an e�cient production
of baryon asymmetry prefers the deflagration regime while the observability of GWs is
more favourable in the detonation and runaway scenarios. It has been shown recently
[13], in the context of a two step phase transition driven by the extra scalar state of a
second Higgs doublet, that in the region of parameter space where the EW baryogenesis
is achievable, the GW spectrum of the EWPhT is within the sensitivity reach of future
interferometers. Indeed, even for very strong phase transitions, vn/Tn ' 4, the bubble wall
velocity remains subsonic. The determination of vw is very challenging and requires the
microscopic calculation of the friction term and the solution of the Boltzmann equations
modelling the interaction of the scalar fields with the thermal plasma, see for instance
refs. [70–75]. The exact computation of the velocity is beyond the scope of this work, here
we use for the sake of simplicity the prediction of vw, as a function of ↵, that has been
estimated in ref. [13].

The three sources of GW are characterised by di↵erent peak frequencies that, if suf-
ficiently separated, can lead to a non-trivial structure for the spectrum, helping in the
extraction of the signal from the instrumental background noise. As an example, we show
in fig. 7 (left) the contribution of the di↵erent components to h2⌦GW for a selected point
with m⌘ = 250 GeV, �h⌘ = 1.63 and �⌘ = 6. Notice that in the non-runaway regime the
contributions from bubble collisions can be neglected. Numerical simulations show that
the relative distance between the peaks of the two spectra is fixed, fpeak

SW
/fpeak

MHD
' 0.7,

and that the signal from sound waves decays faster for larger GW frequency fGW, namely
h2⌦SW ⇠ f�4

GW
and h2⌦MHD ⇠ f�5/3

GW
. This explains the typical shoulder of the GW
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the wall speed has a strong effect on the 
shape of the power spectrum

Can be determined by solving the  
Boltzmann equation which describes the 
plasma dynamics and its interactions with 

the bubble wall
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  di-Higgs production is a target process for the LHC, within the SM it is the 
experimental signature of the Higgs self-interaction, but also a probe for BSM 
scenarios

  We analysed gg → hh within the C2HDM with an approach which enables to 
disentangle the different NP ingredients: coupling modifications, new resonance  
exchange, heavy fermions in the loops, and the extra quartic couplings

Conclusions

  Sizeable effects both in the integrated cross-section and in the differential 
distributions open the prospect of using di-Higgs production at the LHC as a 
probe for NP with the possibility to disentangle among different BSM schemes

  New Physics in the Higgs sector can provide 1st order EWPhT, thus signals of 
gravitational waves and EW baryogenesis, along with modifications to the Higgs 
couplings and signatures at colliders


