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 From a theoretical point of view the SM is unsatisfactory.  Explore BSM solutions:  
Higgs as a pseudo Nambu Goldstone boson (pNGB) from a strong dynamics can 
provide an elegant solution for naturalness

 More than one composite Higgs?  Look for a pNGB realisation of extended Higgs 
scenarios

  In a Composite 2HDM (C2HDM) the properties of h,H,A,H± are derived in terms 
of the fundamental parameters of the strong sector and compared with the 
Elementary 2HDM ones

 Further developments:  Composite Dynamics in the Early Universe
— a strong first-order EW Phase Transition can trigger EW Baryogenesis in a CHM 
based on SO(6)/SO(5)
— it generates Gravitational Wave signatures  ➙ interplay between Gravitational 
Interferometry and Collider experiments in testing the Higgs sector

Outline
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a global symmetry G above f (~ TeV) is 
spontaneously broken down to a subgroup H

the structure of the Higgs sector is determined 
by the coset G/H

H should contain the custodial group

the number of NGBs (dim G - dim H) must be 
larger than (or at least equal to) 4 

the symmetry G must be explicitly broken to 
generate the mass for the (otherwise massless) 
NGBs  

Basic rules for Composite NGB Higgs models
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4DCHM = Minimal 4D realisation of MCHM5 
Agashe, Contino, Pomarol ’04DC, Redi, Tesi ’12

 σ-model fields Ω1, Φ2
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4DCHM = Minimal 4D realisation of MCHM5 
Agashe, Contino, Pomarol ’04DC, Redi, Tesi ’12

 σ-model fields Ω1, Φ2

Low-energy Lagrangian  a la CCWZ  + ρ new spin-1 
resonances as gauge fields of the "hidden gauge 
symmetry”  + T, T  extra composite fermions~

 Spectrum : 

mW = 80GeV

0

mh = 125GeV

m⇢ = g⇢f

Extra particle content:
•Spin 1 resonances
•Spin1/2 resonances

Strong  sector: 
resonances + 
Higgs bound state

}
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4DCHM = Minimal 4D realisation of MCHM5 
Agashe, Contino, Pomarol ’04DC, Redi, Tesi ’12

SM hierarchies are generated by the mixings: 
light quarks mostly elementary, top mostly composite

mt ⇠
vp
2
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top Yukawa coupling
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Linear elementary-composite fermion mixings Δ           
→   partial compositeness mostly for the                        

3rd generation quarks

 σ-model fields Ω1, Φ2

Low-energy Lagrangian  a la CCWZ  + ρ new spin-1 
resonances as gauge fields of the "hidden gauge 
symmetry”  + T, T  extra composite fermions~

 Spectrum : 

mW = 80GeV

0

mh = 125GeV

m⇢ = g⇢f

Extra particle content:
•Spin 1 resonances
•Spin1/2 resonances

Strong  sector: 
resonances + 
Higgs bound state

}
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And the Higgs mass? 

Integrate out the composite sector and get a low-energy Lagrangian 
with form-factors (Agashe,Contino,Pomarol ’04)

ΔL, ΔR, g0 g0Y break the global G symmetry

Quantum loops generate V(h)

v2 = f2 sin2
hhi
f

 Gauge Sector

 from      andm2
W �1(0) = f2

 EW scale
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EWSB  hshi =
v

f
=

s
⇥ � �

2⇥
6= 0

Coleman-Weinberg effective potential generated at 1-loop

V (h) ⇡ ↵ s2h � � s2hc
2
h

sh=sin(h/f)
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EWSB  hshi =
v

f
=

s
⇥ � �

2⇥
6= 0

Coleman-Weinberg effective potential generated at 1-loop

V (h) ⇡ ↵ s2h � � s2hc
2
h

sh=sin(h/f)

f = 800 GeV, ⇠ ⇠ 0.1

Δ > Δmin ~ 1/ξ   
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(DC, Redi,Tesi '12)

Correlation with the lightest 
extra-fermion mass

125 GeV Higgs asks for light (in the 
TeV region) fermionic partners        
➞  we are still in the ballpark with 
LHC bounds

Heaviest extra-fermions require a 
larger f value  and a larger tuning

top Yukawa coupling

lightest extra-fermion mass

Higgs mass  

ξ=v2/f2 



➠ Doublet + Singlet

➠ Two Doublets
Gripaios et al.09; Redi,Tesi 12

Mrazek et al.11 
Bertuzzo et al.13 
DC et al. 16; 18

SU(5) ➞SU(4) x U(1)
⤵

SO(4)xSO(2)

8

Extended Composite Higgs Models

                         The structure of the Higgs sector is determined by the coset G/H

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        

SO(6)

➠ Minimal = One Doublet
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Composite 2-Higgs Doublet Models
J.Mrazek et al. ’11; DC,Moretti,Yagyu,Yildirim '16, DC,Delle Rose,Moretti,Yagyu '18

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

 The presence of discrete symmetries in addition to the custodial SO(4) is crucial to 
control the T-parameter and to protect from Higgs-mediated FCNCs (J.Mrazek et al.11) 

 Besides CP,  one can impose a C2 discrete symmetry (analogous of Z2 in the 
elementary 2HDM) which distinguishes the 2 Higgs doublets:  (H1,H2) → (H1,-H2).  
One of them does not couple to the SM fields → INERT CASE

 If C2 is not a symmetry of the strong sector,  alignment conditions on the strong 
Yukawa couplings must be imposed to suppress FCNCs (composite version of an  
Aligned 2HDM  Pich,Tuzón,’09 )

 Bounds from flavour observables, Higgs data and direct searches must be satisfied



 ρA,ρX=composite 
gauge fields

 A, X=elementary 
gauge fields
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A Concrete Composite 2-Higgs Doublet Model
DC,Delle Rose,Moretti,Yagyu '18

The construction of the effective theory 
follows the same steps of the minimal 
4DCHM (two-site model)

The Lagrangian of the GBs + gauge sector is:   (non-linear σ-models + resonances) 



 ρA,ρX=composite 
gauge fields

 A, X=elementary 
gauge fields
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A Concrete Composite 2-Higgs Doublet Model
DC,Delle Rose,Moretti,Yagyu '18

The construction of the effective theory 
follows the same steps of the minimal 
4DCHM (two-site model)

The Lagrangian of the GBs + gauge sector is:   (non-linear σ-models + resonances) 

 GB matrix

8 broken SO(6) generators
↵ = 1, 2 â = 1, .., 4

=U1U2

h4𝛼 = h𝛼 + v𝛼  
      

Σ0=



 ρA,ρX=composite 
gauge fields

 A, X=elementary 
gauge fields
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A Concrete Composite 2-Higgs Doublet Model
DC,Delle Rose,Moretti,Yagyu '18

The construction of the effective theory 
follows the same steps of the minimal 
4DCHM (two-site model)

gauge boson masses  generated by 
the VEVs of the fourth components 
of the Higgs fields v2SM

The Lagrangian of the GBs + gauge sector is:   (non-linear σ-models + resonances) 

 GB matrix

8 broken SO(6) generators
↵ = 1, 2 â = 1, .., 4

=U1U2

h4𝛼 = h𝛼 + v𝛼  
      

Σ0=
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A Concrete Composite 2-Higgs Doublet Model
DC,Delle Rose,Moretti,Yagyu '18

 Fermion sector:  embed the 3rd generation quarks into SO(6) reps.

  Partial Compositeness = linear couplings ΔL,R between composite and elementary fermions 

I,J=1,2

 for the top

 All the parameters real   → CP invariant scenario

  These are all the possible invariants

 GBs

yt   ~ 
+

�L

�R

+
Y1, 2

t

t
h

 at least 2 heavy fermions 𝛙 
needed for an UV finite effective 
potential
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The Higgs Potential

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 

mi2  (i=1,.,3)  and   𝝺j (j=1,…,7)  are determined by the parameters of the strong sector 

By expanding up to the fourth order in 1/f,   VG and VF show the 
same structure of the Higgs potential in the elementary 2HDM

+
yL,R

g,g'

g,g'

H1

 H2

The derivation follows the same steps of the 
minimal scenario →  by integrating out the 
heavy resonances and deriving the form factors 

yL,R=ΔL,R/f

Yukawas linear mixings heavy fermion mass 
parameters

                  (partial compositeness for the top)

f1=f2 ,  gρ = gρX  and assuming a LR structure for the fermion Lagrangian  as in the minimal model



tanβ = v2/v1  ≲ 10        

13

2-Higgs Doublets as pNGBs

• The vanishing of the two tadpoles of the CP-even Higgs bosons requires tuning which 
is larger for large f (as expected)

WE  GOT SOLUTIONS !  
A realistic  Aligned 2HDM can be realised in a composite scenario

• The requirements to reconstruct mh and mtop select values of    

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

• The vanishing of the two tadpoles of the CP-even Higgs bosons requires tuning which 
is larger for large f (as expected)

WE  GOT SOLUTIONS !  
A realistic  Aligned 2HDM can be realised in a composite scenario

• The requirements to reconstruct mh and mtop select values of    

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

• They are identified in the Higgs basis after a rotation by β:  only one doublet provides 
a VEV and contains  the GBs of W,Z 

• 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 and h ➞ hSM

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

tested against HiggsBounds and HiggsSignals

ξ=v2/f2
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Masses of the extra-Higgses

larger mH-mA splitting in the C2HDM than 
in the MSSM 

     -20 GeV < mH-mA < 60 GeV 

mA  grows linearly with f 
m2A  ∝ f 2 (1+tan2β)  

Mass Splittings 

Ex:   a signal  H → A Z* accompanied 
by the absence of   A → W±* H∓ could 
be a hint of C2HDM

m2
H± − m2

A ∝ g2
Y

16π2 g2
ρ

mH± and mA are predicted to be highly degenerate: 
very sharp prediction in the C2HDM:

A → H Z*  could also be useful
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Higgs Boson Couplings

mQ,T ~ heavy fermion masses 
tanβ = v2/v1

Assuming flavour alignment (Y1∝Y2) to guarantee the absence of tree level FCNCs 

fixed by the strong dynamics and correlated to other observables

+  A, H±  couplings

➞ ➞

The fermion masses are also predicted:

• Couplings to SM fermions:

[1+O(ξ)] 



15

Higgs Boson Couplings

mQ,T ~ heavy fermion masses 
tanβ = v2/v1

Assuming flavour alignment (Y1∝Y2) to guarantee the absence of tree level FCNCs 

fixed by the strong dynamics and correlated to other observables

+  A, H±  couplings

➞ ➞

The fermion masses are also predicted:

• Couplings to SM fermions:

[1+O(ξ)] 

• Couplings to SM gauge bosons:
In C2HDM, due to the non-linearities of the 
derivative terms, we get corrections of order ξ  
to the hVV couplings.  Also modified by the 
mixing angle θ as in the E2HDM

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

θ is predicted to be ≤0.1 → a deviation in kV can be 
addressed by a suitable value of f

Different H,A,H± phenomenology with respect 
to the E2HDM (see Shinya’s talk)



LHC phenomenology of the extra pNGB Higgses

Htt ∝

represents the leading contribution to the e↵ective potential). In order to have phenomenologically
acceptable configurations with EW parameters consistent with data, we require: (i) the vanishing of
the two tadpoles of the CP-even Higgs bosons, (ii) the measured top quark mass and (iii) the measured
Higgs boson mass. Under these constraints, we explore the parameter space by scanning the scale of
compositeness in the range (600, 3000) GeV and all the other parameters in the range (�10, 10)f . As
outputs, we obtain the masses of the charged Higgs boson (mH±), the CP-odd Higgs boson (mA), the
heavier CP-even Higgs boson (mH), the mixing angle ✓ between the two CP-even Higgs boson states
(h,H) as well as their couplings to fermions and bosons. These quantities are then combined in physics
observables and tested against experimental measurements through HiggsBounds [9] and HiggsSignals
[10], which include current results from void Higgs boson searches and parameter determinations from
the discovered Higgs state, respectively. Further, we extrapolated the latter (at present counting on
about 30 fb�1 of accumulated luminosity after Run 1 and into Run 2) to 300 fb�1 (end of Run 3) and
3000 fb�1 (HL-LHC and HE-LHC), by adopting the expected experimental accuracies given in Ref. [11]
(scenario 2 therein). These are listed against the so-called ’s (or ‘coupling modifiers’) of Ref. [12],
among which those interesting us primarily are hV V (V = W±, Z), h�� and hgg, the generally most
constraining ones.

Before proceeding with presenting our results, it is worth mentioning that a generic 2HDM La-
grangian introduces, in general, Flavour Changing Neutral Currents (FCNCs) at tree level via Higgs
boson exchanges. To avoid them, we assume here an alignment (in flavour space) between the Yukawa
matrices like in the elementary Aligned 2HDM (A2HDM) [13]. In this scenario, the coupling of the
heavy Higgs H to the SM top quark is controlled (modulo small corrections induced by the mixing
angle ✓ ⇠ v2SM/f2) by

⇣t =
⇣̄t � tan�

1 + ⇣̄t tan�
, (1)

where ⇣̄t and tan� are predicted, and correlated to each other, in terms of the aforementioned fun-
damental parameters of the C2HDM. Thus, being interested in the phenomenology of the H state,
henceforth we will map the results of our scan in terms of mH and ⇣t and we restrict the parameter
space to the region mH,A,H± > 2mh. The ⇣t parameter and the Higgs trilinear coupling �Hhh set the
hierarchy among the decay modes of the heavy state H. In particular, H ! tt̄, when kinematically
allowed, represents the main decay channel. Below the tt̄ threshold, the di-Higgs H ! hh decay mode
can reach, approximately, 80%, with the remaining decay space saturated by H ! V V . The corre-
sponding Branching Ratio (BR) observables are shown in Fig. 1(a). As emphasised in Ref. [8], both
of these can be notably di↵erent in the C2HDM with respect to the E2HDM, since the Hhh and Htt̄
couplings can carry the imprint of compositeness (see Fig. 1(b) for their correlation). The hierarchy
discussed above highlights the key role of the H ! hh and H ! tt̄ channels in the discovery and
characterisation of the composite heavy Higgs boson.

Figs. 2 and 3 illustrate the interplay between direct and indirect searches and the ability of the
HL-LHC and HE-LHC to discover both the gg ! H ! hh ! bb̄�� and gg ! H ! tt̄ (followed by
semi-leptonic decays) signal, respectively, over regions of the C2HDM parameter space mapped onto the
(mH , ⇣t) plane, even when no deviations are visible in the aforementioned ’s of the SM-like Higgs state
h (red points) at L = 300 fb�1 and L = 3000 fb�1. Notice that 95% Confidence Level (CL) exclusion
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LHC phenomenology of the extra pNGB Higgses

Htt ∝
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Mainly determined by the couplings to 
fermions and trilinear couplings due to θ~0

H → tt represents the main decay mode

Below the tt threshold, H → hh dominates
BR(H→hh) ~ 80%, BR(H→VV) ~ 20% (sinθ predicted to be small)

➠

  CP-even H

BR(H →ZZ)~ 1/2 BR(H →WW) not shown in the plot 

  CP-odd A A→ tt represents the main decay mode
A→ Zh dominates below the tt threshold 

H+→ W+h  and H+→ bt  are the relevant decay channels
H+→ bt is the main decay mode as mH+>mt

  Charged H±

Different decay modes with respect 
to the E2HDM (see Shinya’s talk)



Present and Future H indirect/direct bounds @ LHC
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H production at the LHC dominated by gluon fusion + top loop

∝H
tt

 c
ou

pl
.

•  satisfy the present bounds from direct and indirect searches at 13 TeV

• in addition have κV V , κγγ and κgg within the 95%CL projected uncertainty at 14 
TeV with L = 3000 fb−1 

• in addition 95% CL excluded by the direct search gg → H → hh → bbγγ  at 14 
TeV with L = 300fb−1 (left) and L = 3000fb−1 (right) 

• 95% CL excluded by the same search at the HE-LHC at 27 TeV with L = 15ab−1  

(contribution to BSM Physics at the HL-LHC and  HE-LHC)

HL-LHC
HE-LHC



 Differently form the gauge sector which is fixed by the symmetry group of the strong 
dynamics,  for the fermion sector one can choose different group representations for the 
fermionic fields

  We choose to embed the SM fermions into the fundamental 6 of SO(6) which decomposes 
into   (4,1) ⊕ (1,2) of SO(4) x SO(2) 

 The left-handed doublet qL  has a unique embedding into the (4,1)2/3  while the right-handed 
component tR  can be embedded in two different ways because the fundamental 6 contains 
two SU(2)L singlets.  An extra angle θt  parametrises this ambiguity  (analogously θb for the bR)

  If θt≠0  a physical phase is responsible for CP violation  (in addition one can consider 
complex couplings in the strong sector interactions as further CPV sources)

 CP violation in C2HDM

18

A=1,..,6

(in collaboration with Ryo Nagai)

(work in progress)  
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 CP violation in C2HDM

18

A=1,..,6

(in collaboration with Ryo Nagai)

(work in progress)  

Warning: 
If both  C2 and CP are broken by the strong sector,  the T 
parameter gets a contribution for a generic vacuum structure 

We have to play with this in the C2HDM   →   Our preliminary study suggests that we can find 
solutions where CP is violated and T is protected



C2-symmetric scenario 

If C2 is preserved also by lighter quarks and leptons
 can H1 be a dark matter candidate ?

 m2 gives the mass to the second Higgs doublet 
 no spontaneous breaking of C2 is realised
 H1 is lighter than H2 and H±  

2

mH1

m
S

 - 
m

H
1

If  Y1=0  we get a C2-symmetric scenario →  a composite version of the IDM
(only one Higgs doublet develops a VEV)

19
19
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To reproduce the DM relic density with a neutral 
component of an inert Higgs doublet we need 𝜆345 

for any mass point, also important to extract bounds 
from direct detection 
                 use the analysis by  Belyaev et al. ’16  → 

The relic density upper limit is exceeded by                             
mH1 ≳ 600GeV if  |𝜆345| ≲ 0.1 (mH1 ≳ 200GeV from DD)

C2HDM can predict |𝜆345| ~1 for large mH1 (~ 1TeV)

H1 can be a dark matter candidate for 

200 ≲ mH1(GeV) ≲ 1000

➠
upper limit

19



deviations in the 
Higgs couplings

First order  
phase transitions

Gravitational wave 
spectrum

EW Baryogenesis

New Physics 
in the Higgs sector

DM candidate

  Further developments:
Composite Dynamics in the Early Universe

(DC,Delle Rose,Panico,1909.07894)
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observables at  
future colliders

observables at  
future interferometers

Collider - cosmology synergy



 B violation  
 C and CP violation

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

<h> 0 

CP

21

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

In the SM phase transition is a smooth crossover,  
also not enough CP violation from CKM                             
➞   NP needed !!   

Ex:  by adding a dim-6 Higgs operator 
(Grojean,Servant,Wells,’04)

  Strong EW Phase Transition can trigger Baryogenesis 
Thermal History

Sakharov Conditions for Baryogenesis

 B 0  B e-𝛼'<h>/T



The SM + scalar singlet

V(h, η, T ) = μ2
h

2 h2 + λh

4 h4 +
μ2

η

2 η2 +
λη

4 η4 +
λhη

2 h2η2 + (ch
h2

2 + cη
η2

2 ) T2

ch = 1
48 (9g2 + 3g′�2 + 12y2

t + 24λh + 2λhη) cη = 1
12 (4λhη + λη)

Higgs + singlet effective potential (Z2 symmetric) in the high-temperature limit

thermal masses (count the dof coupled to the scalars)

EW symmetry restored at very high T:  <h, η> = (0,0)
Two interesting patterns of symmetry breaking (as the 
Universe cools down):

1. (0,0) ➞ (v,0)                  one-step PhT

2. (0,0) ➞ (0,w) ➞ (v, 0)    two-step PhT

The two-step is stronger due to a tree-level barrier  
between the two minima → <η> varies during the PhT

Is it possible to realise it in a CHM scenario 
based on SO(6)/SO(5)?  

(Espinosa,Konstandin,Riva ’11)

thermal correctionsportal interaction

22

extended pNGB Higgs sector with an additional scalar



4   — not suitable for the top quark: large ZbLbL 
coupling 
10 — no potential for the scalar singlet η 
6, 15, 20’  — viable representations for the top 
quark

(qL, tR)   ̴(6, 6)

(qL, tR)   ̴(15, 6)

Typically predicts                                  unless of
large tuning in bottom and gauge sectors

λη ≃ 0, λhη ≃ λh/2

Less-tuned scenario: no need to rely on bottom and 
gauge.  Upper bounds
No EW Baryogenesis can be realised (see later)

large parameter space available without 
tuning

(qL, tR)   ̴(6, 20’)

Classification of repr. of composite fermionic operators

�� �� ��� ��� ��� ��� ���

���

���

���

���

���

(���)

(����)

(�����)

μ η�
> �

��
��
��
��

��
�
→

η
η

Figure 2: Comparison of the parameter space covered by the di↵erent scenarios discussed
in the text.

where the complicated dependence from the angles have been hidden inside the coe�cients
Cj

i

and explicitly given in Appendix missing.
Notice that, di↵erently from the other cases discussed above, the use of the 200 provides
su�cient freedom in the parameters of the scalar potential such that there is no need to
rely on the second order corrections, namely the ones proportional to the quartic power
of the elementary-composite mixings (the quartic couplings of the ⌘ in Eq. (33) and (38)
would vanish otherwise), nor to the bottom quark and gauge contributions (as in the case
of fermions in the fundamental). Other than being a much less tuned scenario, it naturally
allows for a mass of the singlet ⌘ larger than the one obtained in the other configurations
while preserving, as we will see, the possibility to achieve a first order EWPhT.

4 Parameter space for EWPhT

The parameter space covered by the di↵erent models discussed above is depicted in Fig. 2.
The region on the right of the black solid line, defined by µ2

⌘

> 0 is not interesting from
the perspective of phase transitions since the singlet does not have a large impact on
the vacuum structure and no barriers are generated between the symmetric and the EW
vacua. In this region a first order phase transition can be achieved only for very large
values of the portal coupling �

h⌘

via one-loop induced e↵ects along the Higgs direction.
Since for models of composite Higgses it is very unlikely that the large quartic couplings
can be generated by the underlaying strong dynamics, we will focus our discussion only
on the µ2

⌘

< 0 region in which a two-step phase transition can be realised with a tree-level
barrier.

18

(DC,Delle Rose,Panico,1909.07894)

Due to the form of the invariants,  sharp upper 
bounds

�2f 2/m2
 ⇠ 1/g⇢. The two-step transition conditions in eq. (9) are di�cult to realise

in this limit. As can be seen from table 1, the portal contribution to the mass �h⌘v2 is
suppressed with respect to the µ2

⌘ term by a factor �2v2/m2
 ⇠ 1/g⇢v2/f 2. Therefore, if

µ2
⌘ is negative, it is di�cult to avoid a VEV for the singlet at zero temperature.
A possibility to circumvent this problem is to advocate a sizeable contribution to the

potential from the bottom sector. This can be obtained if both the top and the bottom
quarks have a large compositeness for their right-handed components, namely �uR ⇠ �dR .
The mass of the bottom quark is then reproduced by assuming that �q0L

is small. This
scenario, however, could lead to di�culties in realising the CKM hierarchy structure.

In the light-partner case, all the invariants are of the same order, therefore it is much
easier to obtain the correct Higgs mass and satisfy the two-step transition conditions. The
price to pay is the fact that all top partners are now typically light and higher values of
the compositeness scale f are needed to escape LHC direct-search constraints. A larger
amount of tuning, ⇠ = v2/f 2 . few%, is therefore needed to obtain the correct Higgs
VEV.

Due to the form of the invariants, sharp upper bounds on the portal coupling �h⌘ and
on the singlet mass in the EWSB vacuum can be found, namely

�h⌘ < �h , m⌘ < mh/
p
2 . (32)

To prove the first inequality one needs to use the fact that the coe�cients of the O(4)
qL

and eO(4)
uR invariants are always positive, while the coe�cient of eO(4)

qLuR is negative. This
result can be obtained by studying the explicit form of the e↵ective potential as done in
ref. [28]. The eO(4)

uR invariant thus gives contributions ��h⌘  ��h,9 while eO(4)
qLuR gives

��h⌘  1/2��h. The O(4)
qL invariant provides only a positive contribution to �h. Finally

the sum of the quadratic invariants give ��h = �2/3�µ2
h/f

2 > 0, since the Higgs mass
term must be negative.

The second inequality in eq. (32) can be derived by noticing that in the EWSB vacuum

m2
⌘ = µ2

⌘ + �h⌘v
2 < �h⌘v

2 < �hv
2 = m2

h/2 . (33)

The bound on the singlet mass is particularly dangerous since it implies that the singlet is
always quite light. In particular in a sizeable part of the parameter space m⌘ < mh/2 and
the Higgs is allowed to decay into a pair of singlets. These configurations are excluded
experimentally since they would give rise to a too large invisible width for the Higgs unless
the portal coupling is negligibly small.

4.1.2 Fermions in the (15) representation

As we saw, in the minimal set-up with partners in the fundamental representation of
SO(6) it is quite hard to obtain a two-step phase transition. Moreover the size of the

9To ensure that �h⌘ is positive one needs sin 2✓u6 > 0, which implies cos 2✓u6  cos2 ✓u6 .
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eq. (44) only contains the Higgs field and not the singlet. Therefore, at the leading order
in the � expansion, no interaction of the form s h t̄L tR is present in the (15,6) model.

Let’s now study the properties of the e↵ective potential and the conditions for a two-
step EWPhT in the (15,6) model. As for the (6,6) set-up, we can distinguish two
regimes, the heavy-partner limit and the light-partner one.

In the heavy-partner case, the quadratic invariants dominate the e↵ective potential.
With respect the (6,6) model, however, there is a substantial di↵erence, namely the fact
that the singlet mass term receives contributions from both leading invariants and not
just one. This means that, at the price of some additional tuning, the Higgs mass and the
⌘ mass term can be simultaneously cancelled. For this to happen we need a correlation
between the left and right mixing parameters �qL ' �uR and between the embedding
angles ✓q15 and ✓u6 . Once the Higgs mass is tuned, a cancellation in the µ⌘ term can be
obtained if sin ✓q15 ' 1/3(3/2 + sin2 ✓u6), which can be realized only if ✓q15 is the range
0.5 . ✓q15 . 1. If both cancellations are present, it is then easy to satisfy the two-step
conditions in eq. (9), through a positive �h⌘ term. In this set-up, however, the portal
interaction can not surpass the Higgs quartic coupling, �h⌘ < �h. Indeed, taking into

account the restricted range of ✓q15 values, one finds that for both the eO(4)
uR and eO(4)

qL

invariants ��h⌘ < ��h. As a consequence one also gets m⌘ < mh/
p
2.

In the light-partner case, additional contributions to the Higgs mass term can come
from the O(4)

qLuR operator, moreover the quartic operators that contribute to the portal
interaction are only mildly suppressed with respect to the quadratic contributions. For
these reasons a viable Higgs mass together with a two-step EWPhT can be obtained
for a larger range of values of the embedding angles ✓q15 and ✓u6 . Also in this case a
maximal value for the portal interaction is present, namely �h⌘ < 2�h, which implies
that the singlet is always lighter than the Higgs m⌘ < mh. The maximal value for the

portal interaction is obtained when the dominant contribution to �h⌘ comes from the eO(4)
uR

invariant and ✓q15 ' ⇡/2, in which case ��h⌘ = 2��h.
Summarising, di↵erently from the previous case with fermions in the fundamental of

SO(6), in the (15,6) model viable configurations with a two-step EWPhT can be realised
at the price of some tuning. The leading contribution to the potential coming from the top
sector can be enough to obtain a su�ciently large value for the portal coupling, so that
sizeable contributions from the bottom (or the gauge) sectors are not strictly necessary.

4.1.3 Fermions in the (200) representation

The last case we consider is the one with top partners in the 200 representation of SO(6).
This representation can be constructed as the symmetric and traceless component of the
product of two 6. The spurions that correspond to the embedding of the left-handed and

19

eq. (44) only contains the Higgs field and not the singlet. Therefore, at the leading order
in the � expansion, no interaction of the form s h t̄L tR is present in the (15,6) model.

Let’s now study the properties of the e↵ective potential and the conditions for a two-
step EWPhT in the (15,6) model. As for the (6,6) set-up, we can distinguish two
regimes, the heavy-partner limit and the light-partner one.

In the heavy-partner case, the quadratic invariants dominate the e↵ective potential.
With respect the (6,6) model, however, there is a substantial di↵erence, namely the fact
that the singlet mass term receives contributions from both leading invariants and not
just one. This means that, at the price of some additional tuning, the Higgs mass and the
⌘ mass term can be simultaneously cancelled. For this to happen we need a correlation
between the left and right mixing parameters �qL ' �uR and between the embedding
angles ✓q15 and ✓u6 . Once the Higgs mass is tuned, a cancellation in the µ⌘ term can be
obtained if sin ✓q15 ' 1/3(3/2 + sin2 ✓u6), which can be realized only if ✓q15 is the range
0.5 . ✓q15 . 1. If both cancellations are present, it is then easy to satisfy the two-step
conditions in eq. (9), through a positive �h⌘ term. In this set-up, however, the portal
interaction can not surpass the Higgs quartic coupling, �h⌘ < �h. Indeed, taking into

account the restricted range of ✓q15 values, one finds that for both the eO(4)
uR and eO(4)

qL

invariants ��h⌘ < ��h. As a consequence one also gets m⌘ < mh/
p
2.

In the light-partner case, additional contributions to the Higgs mass term can come
from the O(4)

qLuR operator, moreover the quartic operators that contribute to the portal
interaction are only mildly suppressed with respect to the quadratic contributions. For
these reasons a viable Higgs mass together with a two-step EWPhT can be obtained
for a larger range of values of the embedding angles ✓q15 and ✓u6 . Also in this case a
maximal value for the portal interaction is present, namely �h⌘ < 2�h, which implies
that the singlet is always lighter than the Higgs m⌘ < mh. The maximal value for the

portal interaction is obtained when the dominant contribution to �h⌘ comes from the eO(4)
uR

invariant and ✓q15 ' ⇡/2, in which case ��h⌘ = 2��h.
Summarising, di↵erently from the previous case with fermions in the fundamental of

SO(6), in the (15,6) model viable configurations with a two-step EWPhT can be realised
at the price of some tuning. The leading contribution to the potential coming from the top
sector can be enough to obtain a su�ciently large value for the portal coupling, so that
sizeable contributions from the bottom (or the gauge) sectors are not strictly necessary.

4.1.3 Fermions in the (200) representation

The last case we consider is the one with top partners in the 200 representation of SO(6).
This representation can be constructed as the symmetric and traceless component of the
product of two 6. The spurions that correspond to the embedding of the left-handed and

19

23



(qL,tR)   ̴(6,20’)
Properties of the EWPhT

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

a crucial parameter for EWBG

The EWPhT starts at  Tn < Tc  determined by requiring: 
Probability of nucleation of  bubbles / Hubble volume  ~  1  

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

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

Bubbles fail to nucleate if the rate of bubble 
formation does not balance the Hubble expansion 

(ex.  𝜆h𝜂   too large produces a high barrier)
The system remains trapped in the metastable 

vacuum (0,w) and no EWSB occurs
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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
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two-step phT

(0,w) is the global 
minimum at T=0

(DC,Delle Rose,Panico,1909.07894)
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                            EW Baryogenesis

(Espinosa,Gripaios,Kostandin,Riva,’12)

The out-of-equilibrium dynamics fulfils only one of the Sakharov's conditions to 
realise baryogengesis → a strong source of CP is also needed to explain the 
observed baryon asymmetry

An additional source of CP is present in CHMs  due to the non-linear dynamics of 
the GBs → ex:  dimension 5 operator  𝜂𝘩          can have a complex coefficient 

7 Electroweak baryogenesis

The out-of-equilibrium dynamics provided by the first order EWPhT fulfils only one of
the three Sakharov’s conditions required to realise baryogenesis. A su�ciently strong
source of CP violation is also needed in order to trigger an asymmetry between matter
and antimatter.

In principle, additional sources of CP violation have to be expected in CHMs due
to the presence of additional complex phases (for instance in the elementary–composite
mixing parameters). Some restrictions on the amount of CP violation might be present if
we want to ensure the P⌘ invariance of the scalar potential. In fact, as we discussed, this
requirement typically obliges the composite sector to be invariant under CP.

However, an additional source of CP violation is typically present as a consequence of
the non-linear dynamics of the Goldstones. This relies on the presence of the dimension-5
operator s h t̄LtR, which can have a complex coe�cient and is naturally present in most of
the models based on the SO(6)/SO(5) coset. Indeed we saw that such operator is present
in the (6,6) and (6,200) scenarios.

At T = 0, in the EWSB vacuum, the s h t̄LtR operator gives rise to small CP violating
e↵ects, which can be compatible with the present constraints (we will discuss this aspect
at the end of this section). Moreover a possible complex phase in the top mass can always
be rotated away through a redefinition of the top field and is thus unphysical. On the
contrary, when the both the Higgs and the singlet get a VEV, a new complex phase is
induced in the top mass. This obviously happens in the bubble walls during the EWSB
phase transition. Since the Higgs and the singlet VEVs are space dependent, the new
phase in the top mass cannot be reabsorbed by a redefinition of the fermionic fields and
provides a new source of CP violation that can trigger EWBG.

The phase in the top mass ⇥t can be defined as

mt(r) = |mt(r)|ei⇥t(r) (59)

with r denoting the direction perpendicular to the bubble wall. For each of the scenarios
discussed previously, the complex phase can be extracted from the Ot operators that give
rise to the top Yukawa. To be as general as possible, we rewrite them here as

Ot = yt

✓
1 + i

b

f
⌘

◆
hp
2
t̄LtR + h.c. . (60)

The phase of top quark mass is then given by

⇥t(r) = arctan

✓
b
w(r)

f

◆
(61)

with w(r) exhibiting the usual kink profile along the r direction. The coe�cient b is de-
termined by the particular fermion embedding. For instance, in the (6,6) case b = tan ✓u6

is completely fixed by the admixture of tR embedding in the 5-th and 6-th components of
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It induces a phase in the top mass which becomes physical during the EW phase 
transition at T ≠ 0 when η changes its VEV.   This is realised on the bubble walls 
during the two-step phase transition   (0,0) → (0,w) → (v, 0)
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The baryon asymmetry depends on the variation of the phase of the top mass, on 
the strength of the PhT, the bubble width, the bubble wall velocity.  To reproduce 
the observed baryon asymmetry b/f ≲ TeV-1 is enough

the fundamental of SO(6). In the (15,6) case, instead, b vanishes identically. Therefore,
while this model can provide a first order EWPhT, it is not suitable for the EWBG unless
one allows for explicit CP-violating interactions. Finally, in the (6,200) scenario, two
independent operators contribute to the top mass, and b is determined by the ratio of
their coe�cients as well as by the two angles parametrising the tR embedding in the 200

multiplet.
In the semi-classical approximation, the complex phase in the top quark mass in-

duces di↵erent dispersion relations for particles and antiparticles, which, through the
electroweak sphaleron processes in the symmetric phase, can trigger a net baryon asym-
metry [76]. The latter is preserved only if the same sphaleron processes are quickly
dumped in the broken domain, namely if the phase transition is su�ciently strong.

The baryon asymmetry depends linearly on the variation of the phase of the top mass
and non-trivially on the dimensionless combinations vn/Tn and LwTn. In particular, it
increases with increasing strength and decreasing Lw. On the other hand, the dependence
on the bubble wall velocity vw is expected to be mild as long as the deflagration regime
is concerned [10]. Rather than numerically solving the system of transport equations
[17], we use the results obtained in ref. [77] which we recast in fig. 8 in the plane of
the two quartic couplings for our benchmark singlet mass m⌘ = 250GeV. In fig. 8 we
show the size of b/f required to successfully reproduce the observed baryon asymmetry,
(nB � nB̄)/n� ' 6 ⇥ 10�10. One can see that values of b/f of O(1/TeV) are su�cient
to generate a realistic asymmetry. In some regions of the parameter space we even need
significantly smaller values, b/f ⇠ 0.1TeV, which can be easily realised in the models we
considered.

As well known, EWBG is more e�cient for subsonic bubble walls, since the CP violat-
ing interactions have more time to generate a particle/antiparticle asymmetry in front of
the wall which is then converted into baryon asymmetry by the electroweak sphalerons.
In this regime, the scalar field component of the GW spectrum from bubble collision
is strongly suppressed. Nevertheless, as shown in the previous section, the contributions
from sound waves and turbulence e↵ects in the plasma leave open the intriguing possibility
to detect GW signals in the same region of parameter space in which EWBG is possible.
Indeed, as confirmed in ref. [13], subsonic wall velocity can be compatible with su�ciently
strong phase transitions. For b/f . TeV�1, the CHM can explain the observed matter-
antimatter asymmetry and provides, at the same time, GW signals potentially detectable
with the future generations of interferometers.

To conclude we consider the constraints on the amount of CP violation coming from
the experimental data. The scenarios we considered are characterised by spontaneous CP-
violation driven by the breaking of the P⌘ parity through thermal e↵ects. However, as
shown in refs. [78,77], a small explicit breaking of P⌘ is also needed to bias the population
of one of the two (0,±wc) configurations which arise in the two-step process after the
first second-order phase transition. If this were not case, a net baryon asymmetry would
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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.
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b/f ~ phase in the top mass - 
needed to guarantee the amount of 
CP violation for EW Baryogenesis  

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.
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b/f ~ phase in the top mass - 
needed to guarantee the amount of 
CP violation for EW Baryogenesis  

Strong  EWPhT,  EWBG and GW spectrum 
linked  by a CHM scenario   

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

28

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

magnetohydrodynamic turbulence effects)

peak frequencies within the sensitivity 
reach of future experiments for a 

significant part of the parameter space

(Grojean,Servant ’06, Caprini,Durrer,Servant ’08,'09)

Gravitational  Wave Spectrum
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 Higgs as a pseudo Nambu-Goldstone Boson is a compelling possibility 
for stabilising the EW scale

 Realistic scenarios can be built and analysed with the full spectrum
including  new particles 

 A concrete realisation of a composite aligned 2HDM is now available 
with parameters determined by the underlying  strong dynamics

 Non-minimal CHMs can link the dynamics of a strong first order 
EWPhT to the structure of GW spectrum and the possibility to realise 
EW Baryogenesis

Waiting  for BSM signals from Colliders 

 Future space-based gravitational interferometry experiments could 
provide a complementary way to test the Higgs sector

  Conclusions 
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Custodial Symmetry and FCNCs in C2HDM
  No custodial violation in renormalisable elementary 2HDM  (E2HDM)
  In CHMs the non-linearities of the GB Lagrangian lead to dimension 6 operators 

contribute to the T parameter for 
generic VEVs of the 2 Higgs doublets

 Possible solutions:
 CP   →  assumed here 
 C2 : that forbids H2 to acquire a VEV  (H1→H1, 
H2→ -H2)  → NOT assumed here
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  In CHMs the non-linearities of the GB Lagrangian lead to dimension 6 operators 

contribute to the T parameter for 
generic VEVs of the 2 Higgs doublets

 Possible solutions:
 CP   →  assumed here 
 C2 : that forbids H2 to acquire a VEV  (H1→H1, 
H2→ -H2)  → NOT assumed here

No tree level FCNC if a’s are the identity in flavour space = Aligned Yukawa Couplings

 If CP is the only discrete symmetry, the Yukawa couplings of the elementary 2HDM  are:

  In C2HDM higher dim. operators contribute to Higgs mediated FCNCs
(Pich,Tuzón,’09)

Thanks to the pNGB nature of the Higgs doublets,  the Yukawa terms including all the non-linearities 
can be recast as

F1,2[H] are trigonometric polynomials starting with H1,2 → like in the elementary case 
BONUS

The assumption of aligned Yukawa couplings is not a stronger requirement in the composite 
scenario than in the elementary one !

The ratio a1/a2 predicted by the 
strong dynamics after integrating 
out the heavy resonances

 (Agashe, Contino ’09)
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Composite Higgs and Flavour

 (Redi,Weiler 11; Barbieri et al.12)

In composite scenarios four-fermion operators  are generated integrating out the composite 
fermions and vectors                                                                                                                                       

x

x
x

x

𝜓

𝜓

𝜓

𝜓

𝚿

𝚿

𝚿

𝚿

ψ is a SM 
fermion ⇒

They  can mediate 
FCNCs at tree-level if 
the flavour coefficients 
xijkl ~ (𝝺𝝺)ij (𝝺𝝺)kl  are 
generic

These effects are suppressed if a 
partial alignment of 𝝺ij with the 

CKM matrix is realised

𝜓

𝜓

𝜓

𝜓

VCKMVCKM

VCKMVCKM

➠ as in the SM

We will work under these assumptions to 
realise a flavour symmetric composite sector

Δ=𝜆 f
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   Present bounds on the CHM parameters

• Higgs coupling measurements

V =
ghV V

gSMhV V

gHV V = gSMHV V

p
1� �; gHff = gSMHff

(1� 2�)p
1� �

For SO(5)/SO(4):

ξ=v2/f2 
couplings still 
constrained 

at ≳10% level

ξ ≤0.2 

In our analysis:    f ≥ 600 GeV   (ξ ≤ 0.17)
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• Direct searches of heavy spin-1 resonances

1.5 2.0 2.5 3.0 3.5 4.0

2

3

4

5

6

7

mρ [TeV]

g ρ

BR = 50%

BR = 20%

pp →ρ→WW,WZ,ZZ 

In our analysis:    mρ ≥ 2.5 TeV as function of gρ   →
Very conservative: narrow width approximation,  BR=50%

OK with bounds from EWPTs

Search for new vector resonances decaying in di-bosons in 
36.7 fb−1 data at √s = 13 TeV recorded with ATLAS (1708.04445)

adapted to our composite 2HDM parameters
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• Direct searches for partners of the 3rd generation quarks
Lower mass bounds depend on the BR assumption: mT(Wb=50%) > 1-1.2 TeV

BR(T→bW)

BR
(T
→

tH
)

BR
(T
→tZ

)

T Mass Limit Plane
In our analysis:    mT ≥ 1 TeV
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C2HDM versus MSSM

Can we distinguish the two paradigms by looking at the 2HDM dynamics?

    Several observables can be used to discriminate between C2HDM and MSSM:  

• kV (delayed decoupling) 

• mass spectrum

• heavy Higgses’ decay patterns 

• (lightest) top partner spectrum

(DC, Delle Rose, Moretti, Yagyu, ’18)
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E2HDM or C2HDM ?

If a deviation in kV is measured  (few %)
it requires a mixing  θ≠0  in the E2HDM

while  it can be explained with θ~0  and f ~1 TeV
Ex:   kV=0.96  
➞ sinθ ≃ 0.28  within the E2HDM
➞ sinθ ≃ 0,  f = 870 GeV  within the C2HDM

C2HDM

kV≃(1-ξ/2) cos𝛳
θ ~ O(ξ) for large f 

E2HDM 

C2HDM

Even if sinθ is predicted to be ≤0.1 a 
deviation in kV can be addressed in 
the C2HDM by a suitable value of f
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C2HDM

kV≃(1-ξ/2) cos𝛳
θ ~ O(ξ) for large f 

E2HDM 

C2HDM

H ➞ W+W-, ZZ ;  A ➞ Z* H;   H± ➞ W±* h  decays would 
be suppressed within C2HDM  as compared to E2HDM

➠
Similarly,  for the H production:  

Higgs-strahlung and vector-boson fusion would be very 
suppressed in the C2DHM, unlike in the E2HDM due 
to sinθ dependence

A close scrutiny of the H signatures would be 
a key to disentangle between the two models

Even if sinθ is predicted to be ≤0.1 a 
deviation in kV can be addressed in 
the C2HDM by a suitable value of f
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Flavour Constraints

The Higgses have interactions with fermions aligned in flavour space                       
All the flavour constraints are due to a rescaling of the SM rates

  Meson decays: B, D → 𝜏𝜈   mediated by H±   (relevant for small masses        
and/or large H+𝜏𝜈  couplings, not here)

  Transition b → s γ:   B → Xs γ  - relevant parameters are ξt H+ and ξbH+ 
  Bs → μ+μ-  - relevant coupling is ξt H+

➠

For a flavour symmetric composite sector (Y1ij ∝ Y2ij), the heavy Higgses can only 
mediate tree level charged current processes and loop effects in neutral ones  

upper limit

H
+

Excluded regions in the C2HDM  (mH+, ξtH+ ) 
plane by flavour constraints are below the lines

ξfH+~ ζf + O(ξ)

(2σ constraints from Enomoto,Watanabe ’16, 
Misiak et al. ‘15

green points satisfy the bounds from 
direct and indirect Higgs searches tested against HiggsBounds 

and HiggsSignals

We implement partial compositeness for t,b,𝜏 
ξd,lH+ are not related directly to the Higgs 
potential (negligible contribution to v and mh)                   
→  they can be taken small to reduce the effects 
in the charged currents                 
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    Parameters of the model
Up to the fourth order in the pNGB fields we get the same structure of the E2HDM potential

C2 breaking in the strong sector (Y1≠ 0) induces  m32 ,  𝝺6 ,  𝝺7   ≠ 0  
It is not possible to have a softly broken Z2 scenario

To study the EWSB 
dynamics and the scalar 

spectrum        ➞ 

C2  appears at the 
quartic order in yL,R

 / the quartic couplings 
are in the perturbative 
domain

• Impose the potential to be minimum for:   f sin(v/f)=vSM=246GeV                 
• Impose  120 < mh(GeV) < 130
• Impose  165 < mtop(GeV) < 170

v2 = v21 + v22 = (246 GeV)2


