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Hunting down minimally extended 

Higgs sectors



• Why additional Higgs bosons?

• Scenarios in minimal extensions of the SM:

1. Enhanced EW production of multiple Higgs bosons

2. Mass-degeneracies and propagator interference

3. Explicit CP-violation in the Higgs sector
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o Most recently discovered particle: a first of 

its kind - (elementary?) scalar - the Higgs 

boson, H125

o Lorentz invariance: only scalars acquire vacuum 

expectation values (VeVs)

o VeV of the Higgs field in the SM: masses of the 

EW gauge bosons and charged leptons

o Additional scalar fields could explain crucial 

primordial phenomena 

The Standard Model Higgs field
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o Electroweak (EW) Baryogenesis: out of thermal 

equilibrium (strongly 1st-order phase transition)

o Cosmic Inflation:

0
3[W. Ahmed, M. Moosa, SM, U. Zubair, 2208.11888]
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- May provide the earliest

signatures of most of the 

new physics frameworks

- But, couplings to the SM 

could be suppressed

o Mass O(10) GeV: SM 

background too large

o Mass ~125 GeV: hidden 

behind the observed H125?

o Mass O(100) GeV: small 
production rates

Additional Higgs Bosons
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Signal strengths of the observed 

Higgs boson

Anomolous magnetic moment of muon

Deviations of the collider data from SM predictions 

B/flavour physics

Potential Evidence
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Timeline of the LHC

0
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Scenario 1: Enhanced EW production
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➢ α mixes the scalar interaction eigenstates 

into two neutral Higgs bosons, h and H

➢ We can identify either one of h and H with the H125

➢ There is also a pseudoscalar A and a H± pair

After electroweak symmetry breaking:

The 2-Higgs-Doublet Model

CP-conservation
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Multi-Higgs production at the LHC

A Z2-symmetry is enforced on 2HDM to prevent FCNCs

B-physics 

constraints 

forbid H±

masses less 

than ~600 GeV 

in the Type-II

Parameters in the model (besides the SM ones):

We always identify h with the H125, implying that 

all the other Higgs bosons are heavier 
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[R. Enberg, W. Klemm, S. Moretti, SM, 1812.08623]

Only EW production of a charged final state possible

For neutral final state, EW 

production is generally 

dominated by QCD production, 

but can get sizeably enhanced 

in some parameter space regions

Multi-Higgs production at the LHC
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Higgs-Higgs couplings

[R. Enberg, W. Klemm, S. Moretti, SM, 1812.01147]
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A Benchmark Configuration
[T. Mondal, S. Moretti, SM, P. Sanyal, 2211.xxxxx]
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Scenario 2: Mass-degenerate Higgs 

bosons 
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The gluon-fusion process

Gluon-fusion is the leading production mechanism for 

the (SM) Higgs boson at the LHC. The amplitude for 

the process,

Using the narrow-width approximation,

with only one intermediate Higgs boson, is given as

the cross-section expression can be factorised as
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If, instead, two Higgs bosons contribute to yy-

production, the complete propagator matrix

should appear in the amplitude, which becomes

with generalised self-energies given, e.g., as

Two (or more) Higgs bosons

`Interference’ between these can be sizeable if the 

magnitude of the off-diagonal terms is comparable 

to their mass-splitting (indicator: ΓH1 + ΓH2 ~ ΔmH)
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Two main contributions at the leading order,

Including NLO corrections (NNLO also available)

[T. Plehn, M. Spira, P. M. Zerwas, 9603205]

[S. Dawson, S. Dittmaier, M. Spira, 9805244]

Define and compute: 

with amplitude-squared of the process given as

Di-Higgs production
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The Type-II Next-to-2HDM

- 4 neutral Higgs bosons, 

h, hs, H and A 

in the 2HDM, and introduce 

a real singlet field

Proof of principle: 

Interference effects 

increase as the splitting 

between mH and mhs reduces

[B. Das, P. Poulose, S. Moretti, SM, 2012.09587] 1
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Benchmark configurations

Correspond to the mH = mhs = 410 GeV case

o largest observed total widths, since H and hs can 

decay into top-antitop pairs 

Negative interference reduces the total cross 

section by two orders of magnitude!
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We varied     , with all 

other parameters fixed to 

their benchmark values 

Dependence on couplings

[B. Das, P. Poulose, S. Moretti, SM, 2012.09587] 1
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Scenario 3: Explicit CP-violation in 

the Higgs sector 
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Tree-level masses of the neutral Higgs bosons

Minimal supersymmetry

The Minimal Supersymmetric Standard Model (MSSM) 

has a Higgs sector mimicking the Type-II 2HDM

2
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receive corrections from the 

scalar partner of the t-quark 

Higgs measurements at the LHC 

strongly constrain 



To identify h with H125

•Maximise tree-level mass

•Enhance SUSY corrections

[A. Djouadi, hep-ph/0503173]

Decoupling limit!

[A. Arbey et al., 1112.3028]

But MS and Xt too large

fine-tuning problem redux!
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Consistency with LHC data



CP-violating Higgs sector:              

h, H, A     H1, H2, H3
Decoupling limit: MH2 ≈ MH3

[J. Ellis, J. S. Lee, A. Pilaftsis, 0404167]

Interference effects in the MSSM
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[P. Basler, S. Dawson, C. Englert, M. 

Mühlleitner, 1909.09987][E. Fuchs, G. Weiglein, 1705.05757]



`μ-problem’ of the MSSM: add a singlet superfield

- 5 neutral Higgs bosons: h, hs, H and as, A

- Possible enhancement in the tree-level mass of h 

EWSB

The Next-to-MSSM
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Z3-invaraint



For large-ish tanβ (H, A decoupled)

Higgs boson masses

2
5h, hs, H, as, A hd, hs, hp, Hs, Hp

If the parameters are complex



A benchmark configuration
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[SM, 1310.8129]

Define signal strengths

and `auxiliary’ rates



Light Dark Matter relic 

2
7

[W. Ahmed, M. Goodsell, SM, 2201.10628]

Complex phases appear in the neutralino sector also



• Minimal extensions of the SM (Higgs sector) have 

been around for decades and have been extensively 

studied theoretically and probed experimentally

• While their signatures remain elusive in the 

established search channels, there exist scenario 

in them that may require dedicated analyses

• One scenario is the enhanced EW multi-Higgs 

production compared to the QCD production

• Another is the possibility of Higgs bosons having 

nearly identical masses, and hence `interferening’

• CP-violating effects in the Higgs sectors –

essential to explain EW baryogenesis – might have 

significant phenomenological implications

Summary
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