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Composite 2HDM: Compositeness alternative to MSSM

The coset delivers a set of states at a common mass scale:    

A large separation between new fermions/vector states and 
Higgses can be achieved if we identify these with pNGBs:

Partial compositeness: composite/elementary mixing (g,y) 
connect two sites, eventually generating a one-loop effective 
scalar potential a la Coleman-Weinberg (which we 
calculated)

We borrow this idea from QCD: ie,

Nature has already realised this 
mechanism 

Two sites structure:



In essence: 

• Need to choose the correct G->H (spontaneous) breaking to have required NGBs 
• Need to break H (explicitly, so pNGBs) via g (gauge) and y (Yukawa) mixings to 
      generate effective (here, one-loop) scalar potential for EWSB
• Gauge contribution significant but positive, then look closely at Yukawas (negative)



Model construction

the coset delivers 8 NGBs (2 complex Higgs doublets)

new spin 1/2 and 1 resonances

G/H           SO(6)/SO(4) x SO(2)



Partial compositeness (y)

Linear interactions between composite and elementary (top) operators

• Mixings, masses & Yukawas of heavy tops
• At least 2 heavy (I,J=1,2) top resonances are needed for UV finiteness
• Heavy resonances in the 6 of SO(6) delivers 4 top partners (VLTs), 1 bottom partner 

(VLB)  and 1 exotic fermion with Q = 5/3 (per representations)

yL/g*

yR/g*

g*
ytop     ≈

In our scenario with G/H = SO(6)/SO(4)xSO(2) and fermions in the 6 of SO(6):



Custodial symmetry

FCNCs
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FCNCs mediated by the heavy gauge resonances

for example, for ΔS = 2, 

do not require an excessive and 
unnatural tuning of the parameters

The predicted leading order correction to the T parameter arises from the 
non-linearity of the GB Lagrangian. In the SO(6)/SO(4)xSO(2) model is

possible solutions:
CP (which we assume, see later)

C2: H1 → H1, H2 → -H2 forbidding 
H2 to acquire a vev (which we 
don’t)

no freedom in the coefficient, 
fixed by the coset



Higgs-mediated FCNCs
FCNCs can be removed by

• assuming C2 in the strong sector and in the mixings (ie, Y1=0):
      inert C2HDM (not considered here, it will: DM candidate)
• broken C2 in the strong sector requires (flavour) alignment
  propagating to each type of fermions in the low energy Lagrangian

(the ratios a1/a2 are predicted by the strong dynamics)

Note: here integrate out heavy composite bosonic resonances (ie, W’s, Z’s, see 
below.) Question is then, what does such compositeness-driven EWSB predicts?

The entire effective potential is fixed by the parameters of the strong sector 
and the scalar spectrum is entirely predicted by the strong dynamics

The scalar potential



yL,R

yL,R

Any C2 breaking in the strong sector induces (all 
real, following CP conservation in strong sector):

it is not possible to realise a C2HDM scenario with a softly broken Z2

The potential up to the fourth order in the Higgs fields:

without any tuning, the 
minimum of the potential is v ~ f

while, in the tuned direction,

Light (SM-like) Higgs (ie, no inverted mass hierarchy):

Heavy Higgs masses: 

(after reproducing top mass)



tan β predicted by the strong sector

m(h) and m(top) require tan β ~ O(1)

larger tuning at large f : ∆ ∼ 1/ξ

No inverted hierarchy unlike E2HDMs

    & (typically) m(H)>2m(h)

mH, mA, mH+ grow with f (and tan β)
fixed by 

minimisation of V

unconstrained 

(tadpole conditions: minimal fine-tuning required)

Can heavy Higgs mass spectra reveal C2HDM from MSSM?



Chain Higgs decays more frequent in C2HDM than MSSM
mH+ and mA : very close in both scenarios (high degeneracy):

    very sharp prediction in the C2HDM,
in  the MSSM (max 15 GeV)

H → A Z * (or A → H Z* ) can disentangle between the two scenarios



The SM-like Higgs h coupling to W,Z

the alignment limit is approached more 
slowly in the C2HDM than in the MSSM

a relevant deviation is present 
even for no mixing

Mixing between the CP-even states h, H:

SM-like h requires large f while

very non-SM-like h requires small f

Consider only HS/HB compliant 
parameter space (green points)

Delayed alignment (at high masses) in the C2HDM wrt the MSSM

Mixing in the CP-even Higgs sector also predicted 



C2HDM -  FACING THE DATA

• h couplings to  SM particles: 
corrections of order ξ to  the hVV couplings. 

Also modified by the mixing angle θ

kV≃(1-ξ/2) cos𝛳𝛳 V=W,Z

ghXX
X  = gSM

h X X

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

ξ ≤ 0.1 f ≥ 750 GeV

24

ξ=v2/f2

green points satisfy the present bounds 
tested against HiggsBounds and HiggsSignals packages

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

θ ~ O(ξ) for large f 
f ➞ ∞ SM limit

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

ξ ≤ 0.04 f ≥ 1200 GeV



Sampling the parameter space (also include b)
C2HDM: we adopt the L-R structure based on the 2-site models which represents the 
minimal choice for a calculable effective potential (De Curtis et al., 2012)

(Higgs & top mass are lowest order)

4 top partners with Q = 2/3: X2/3
, T

2/3
, T˜

1
, T˜

2
;

1 bottom partner with Q = −1/3: B−1/3
;

1 exotic fermion with Q = 5/3: X5/3
.

Heavy fermion spectrum
• Count must be doubled because of 2 
      representations 
• Diagonalisation of mass matrix of the 9 
      fermions with charge 2/3 only numerical



Ongoing T->t A/H search in ATLAS



Di-Higgs(SM)@Run 3/HL-LHC high priority: can reveal C2HDM?

See also De Curtis talk

Recall VLTs are heavy (rest mass for LHC pair production is 2.6 TeV)



Can we see VLQ loop 
effects by looking at di-
Higgs mass, pT, etc.

Different from squark 
loop effects (PV functions, 
spin) – threshold shape
(SM et al, 2307.05550) 

Recall triangle vs box 
cancellation in the SM

Typical of theories with pNGBs

https://arxiv.org/abs/2307.05550


Currently LO (based on HPAIR), working on C2HDM NLO K-factors

NON-RESONANT: MH < 2 mh RESONANT: MH> 2 mh 

Phenomena at play in C2HDM:
1. Modified hhh (κ(λ)) & tth couplings (κ(t)) - small deviations
2. Heavy top contributions T(i) ( i=l, .. ,8) + quartic tthh - naturally present in CHMs
3. H contribution - present in MSSM, 2HDM, etc.  - but wider 
                                                                                                                             (see next slide)
Inclusive results for σ(hh)/σ(h(SM)h(SM)):



C2HDM: i) low-energy remnant of strongly interactive theory, 𝚪𝚪(H)/M(H) can be up to ~30%  
                  ii) also H-> t T(7,8) can open with T(7,8) lowest-lying VLTs
                      large interference effects 



Loop-induced thresholds at 2m(VLQ), low mass tail & BW distortions

Need to surpass: i) EFT paradigms (HEFT, SMEFT) in non-resonant searches
                                ii) NWA/BW approximation in resonant searches

Resonant 
productionNon-resonant 

production

Developing Simplified Model library (with amplitude decomposition for interpretation) 
mappable onto: i) fundamental theories (done for SUSY, in progress for Compositeness)
                              ii) new EFTs in decoupling (SMEFT+, i.e., SMEFT approach with SM+VLTs  
                                   as low energy limit

Experimental sensitivity: Run 3 to resonant case and HL-LHC for non-resonant one



Done for SUSY (stops) in progress for Compositeness (VLTs)

arXiv:2302.03401



CONCLUSIONS AND PERSPECTIVES

C2HDM is simplest natural 2HDM alternative to MSSM in the context of CHMs

O(6)/SO(4)xSO(2) scenario with a broken C2 which realising a(n Aligned) 
C2HDM notably different from MSSM: delayed Higgs alignment, lifted mass 
degeneracy amongst BSM Higgses (ie, chain decays) (also different mass 
spectra for top companions – see backup slides)

Top companions in compositeness (VLTs) very constrained by LHC direct 
searches (on-shell production): could they show up first indirectly (via loops)? 

Di-Higgs(SM) production (Run 3 & especially HL-LHC):  significant VLT effects 
in both resonant & non-resonant production (ie, interferences with long tails)

    
Outlook: (i) reverse engineering of decayed hh signals (decode spectra) & (ii) 
SMEFT+ implementation





INTRODUCTION

Mainly motivated by the hierarchy problem we consider
SUPERSYMMETRY (SUSY) COMPOSITENESS

                 solves it via top/stop                          solves it because whatever
                  cancellations in Higgs mass             energy goes into Higgs 
                  whatever the energy                           constituents’ motion 
          Both generates scalar/Higgs potential dynamically 

We consider a Composite 2HDM and the MSSM as minimal realisations of 
EWSB based on a 2HDM structure

Composite 2HDM (C2HDM) simple natural alternative to the MSSM (SUSY)

What do we know about the 
MSSM?      it provides 2 Higgs doublets and … we know pretty much everything
C2HDM?   it provides 2 Higgs doublets and … I am going to tell you something

(Recall that Nature likes doublets.)



MSSM VS C2HDM

Q: can you distinguish the two paradigms by looking at 2HDM dynamics?

(ie, λ ~ g)





To recap: 

.



The entire effective potential is fixed by the parameters of the strong sector

Checked all theoretical constraints (vacuum stability, triviality, unitarity)



Yukawa sector 

tan β (vev ratio) basis dependent







CP-odd & charged Higgses









C2HDM: lightest top partner T1

MSSM: lightest stop t1
~

Reproducing the observed value of mh 
requires a fermionic top partner in the 

C2HDM lighter than the scalar one in the 
MSSM 

FeynHiggs



CPV in Strong Sector



CPV in Higgs potential 



h(125) couplings



Peculiar signature: h(125), h(2), h(3) -> VV
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