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1/14I. Asiáin Unitarisation and resonances…

   Motivation
What is the origin of the Electroweak Symmetry Breaking Sector (EWSBS)?

WW resonances as a window…

{g, g′￼} → {g, 0}

L = R

Vector Boson Scattering (VBS)

Within SM, Higgs unitarizes ,   VLVL → VLVL V = {W, Z}

D. Espriu

Dynamical origin?

Strongly interacting UV theory?

Open question

resonances typically emerge
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L = R

Vector Boson Scattering (VBS)

Within SM, Higgs unitarizes ,   VLVL → VLVL V = {W, Z}

HEFT modifies SM interactions and breaks unitarity

Anomalous couplings

in EW sector

Spoiled unitarity in BSM 
longitudinally polarized 

scattering 

Restoration by the appearance

of resonances
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Open question

resonances typically emerge
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Building blocks

ℱ ( h
v ) = 1 + 2a

h
v

+ b ( h
v )

2

+ . . .U = e
iωaτa

v 𝒱μ = (DμU) U† Ŵμν, B̂μν

Expansion in powers of the momentum (derivatives): ℒEChL = ℒ2 + ℒ4 + . . .

   Effective Framework

ℒ2 ⊃
v2

4 [1 + 2a ( h
v )+b ( h

v )
2

] Tr [DμU†DμU]

V, ω

V, ω

h
hV, ω

V, ω h

The Higgs: a promising…WW resonances as a window…

HEFT - Electroweak Chiral Lagrangian (EChL)  

ℒ2 : chiral order 2

Chiral order : counts derivatives and/or soft mass scales d (g ∼ M, λ ∼ Mh)
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HEFT - Electroweak Chiral Lagrangian (EChL)  
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       Our Complete Lagrangian:

ℒ2 = −
1

2g2
Tr (ŴμνŴμν) −

1
2g′￼2

Tr (B̂μνB̂μν) +
v2

4
ℱ(h)Tr (DμU†DμU)

+
1
2

∂μh∂μh − V(h)

ℒ4 = −ia3Tr (Ŵμν [Vμ, Vν]) + a4 (Tr (VμVν))
2

+ a5 (Tr (VμVμ))
2

+
γ
v4 (∂μh∂μh)

2

+
δ
v2 (∂μh∂μh) Tr (DμU†DμU) +

η
v2 (∂μh∂νh) Tr (DμU†DνU) + i

ζ
v

Tr (ŴμνVμ) ∂νh
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D. Espriu



3/14I. Asiáin Unitarisation and resonances…

   Our approach

The Higgs: a promising…WW resonances as a window…

Valid HEFT: good low energy description of a strongly interacting UV theory  

Look for resonant states in unitarized WW scattering

D. Espriu

Properties of predicted resonances constrain on HEFT coefficients 

Phenomenology: appearance (or absence) of these resonances at the LHC 

Theoretical: no spurious (acausal) states appear

minimum mass

Up to now from experiment at 95% C.L.

a ∈ (0.94, 1.10), b ∈ (0.55, 1.49), d3 ∈ (−1.4, 6.1),
a4 ∈ (−0.0061, 0.0063), a5 ∈ (−0.0094, 0.0098)

The rest remain experimentally unconstrained

CMS ATLAS ATLAS

CMS CMS
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   Our approach

The Higgs: a promising…WW resonances as a window…

a4

a5

10·a3

10·ζ

500 1000 1500 2000 2500 3000

-0.2

0.0

0.2

0.4

0.6

0.8

1.0

1.2

s [GeV]

t
W

W
,(

4
)

tr
e

e

δ

η

10·ζ

500 1000 1500 2000 2500 3000

-0.3

-0.2

-0.1

0.0

s [GeV]

t
W

h
,(

4
)

tr
e

e

The relevant ones are those surviving in the  limit g = 0

Quick violation of unitarity with fastly growing amplitudes

WW → WW WW → hh

10 ⋅ a3

10 ⋅ ζ

D. Espriu

Unitarization methods required for predictions

(a4, a5, δ, η, γ)
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   Unitarization

The Higgs: a promising…WW resonances as a window…

tIAM
00 = t(2)

00 (t(2)
00 − t(4)

00 )
−1

resonances

t(2)
00 t(4)

00 = (
WW (4) (a4, a5) WH(4) (δ, η)
WH(4) (δ, η) HH(4) (γ) )

D. Espriu

Unitarization methods required: IAM

Scalar resonances through coupled channels

a full NLO  is available in the  literature. Too complicated for

for our purposes. 

VLVL → VLVL

Shortcut:   t(4)
IJ = Re t(4)

IJ + iIm t(4)
IJ

Maria J. Herrero and Roberto A. Morales 
Phys. Rev. D104, 075013 

Published 12 October 2021

Re t(4)
IJ : {αp4} − terms + NLO − ET amplitude

Im t(4)
IJ : exact calculation through perturbative Optical Theorem

[WL → ω + o (MV / s)]
Equivalence theorem:

WW : WLWL → WLWL
WH : WLWL → HH
HH : HH → HH

 In total 4 (LO) + 5 (NLO) dimensional parameter space after neglecting

   operators𝒪(p4) g ≠ 0

Tree level One loop
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   Our work

The Higgs: a promising…WW resonances as a window…D. Espriu

VLVL → VLVL at NLO

EFT + unitarization techniques predict resonances in various channels

Isovector - vector (IJ = 11) I. Asiáin, D .Espriu and F .Mescia.  
Phys. Rev. D 105, 015009

Isocalar - scalar (IJ = 00)

V

V

h

h

λ3 = d3λSM
h Now accessible at tree-level 

along unitarization of WW!

hh

h h

λ4 = d4λSM

Isotensor - tensor (IJ = 20) Excludes 2a4 + a5 < 0
with acausal resonances

with transverse  propagating inside the loops: W g ≠ 0

I. Rosell, A. Pich and J.J. Sanz-Cillero
• PoS ICHEP2020, 077 (2021), 2010.08271.  

•

We require physical scalar resonances with  MS > 1.8 TeV

Physical by phase-shift criteria: shift in the phase from  to  π/2 −π/2

 combination5a4 + 8a5
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Start with  ℒSM + {αp4} and see the effect of δ, η and γ

✶✶
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a 4
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◆ BP1
✶ BP2
■ BP3
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Start with  ℒSM + {αp4} and see the effect of δ, η and γ

Variations up to for natural values  ∼ 10 %

⊗ excluded parameter space with acausal resonances

Positive values favored for production of scalar resonances

Negative values produce nonresonant enhancements or no poles 

 means one of half maxima

out of validity range
Γ
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Start with  ℒSM + {αp4} and see the effect of δ, η and γ

Positive values favored for production of scalar resonances

Negative values produce nonresonant enhancements or no poles 

Variations up to for natural values  ∼ 4 %

 means one of half maxima

out of validity range
Γ
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Start with  ℒSM + {αp4} and see the effect of δ, η and γ

Positive values favored for production of scalar resonances

Negative values produce nonresonant enhancements or no poles 

Variations up to for natural values  ∼ 15 %
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γ=0
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γ=10-3
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δ

BP3

a4 and a5 pretty much determines  

the position of the scalar pole

sweeping natural values of the rest 

of NLO coefficients

Nonresonant below the color bands

Excluded above the color bands
acausal states Γ < 0
too light mass

Γ < 0
M < 1.8 𝚃𝚎𝚅

Nonresonant
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Start with  {a = 1, b = 1, d4 = 1} + {αp4} and repeat the exercise varying d3

Can resonant states say something about Higgs potential?

light pole ( < 1.8 TeV) appears for  d3 ≳ 2.5

Two physical poles
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Start with  {a = 1, b = 1, d3 = 1} + {αp4} and repeat the exercise varying d4

Can resonant states say something about Higgs potential?

One pole scenario. Makes sense since the effect of  should be similar to ∼ d4h4

∼ γ (∂μh∂μh)
2

light pole ( < 1.8 TeV) appears for  d4 ≳ 2
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What if there is a light resonance  but not confirmed yet?( < 1.8 TeV)

ATLAS + CMS: some evidence  in 4 leptonic final stateH(650) → WW

arXiv:2103.01918

ATLAS collaboration
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What if there is a light resonance  but not confirmed yet?( < 1.8 TeV)

ATLAS + CMS: some evidence  in 4 leptonic final stateH(650) → WW

Can we accommodate this resonance in the HEFT?

a4+a5+δ+η

a4+a5+γ

a4+a5+δ+η+γ

-0.010 -0.005 0.000 0.005 0.010

-0.006

-0.004

-0.002

0.000

0.002

0.004

0.006

a5

a
4

Resonance between 600-700 GeV

SM

We can in a nontrivial way

ℒ = ℒSM (a = 1, b = 1, d3 = 1, d4 = 1) + ℒ4

 are the more important onesa4, a5 and γ

Map shows if this light resonance can be 
  produced for certain values of NLO coeffs.

Scalar resonances appear in 

combination 5a4 + 8a5 = k
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   Scalar H(650)

Are the properties of this resonance compatible with experiment?

Combined ATLAS + CMS analysis: P. Cea, Mod. Phys. Lett. A 34, 

1950137 (2019), 1806.04529

Kundu, A. Le Yaouanc, 

P. Mondal, and F. Richard

in 2022 ECFA Workshop

σ(H(650) → WW ) = 160 ± 50 fb
σ(H(650) → ZZ) = 30 ± 15 fb

Γ = 90 ± 28 GeV

We assume H  decays purely into gauge bosons(650)

EWA: gauge bosons as partons inside the proton

Bidimensional space [γ × k = 5a4 + 8a5]



M (GeV )
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Nonresonant

M > 700 GeV
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   Scalar H(650)

Bidimensional space [γ × k] = [(−0.001,0.001) × (0.055,0.11)]
k > 0.055 avoids tensor region

Widths are similar to the experimental result 90 ± 28 GeV

Non-physical
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   Scalar H(650)

Bidimensional space [γ × k] = [(−0.001,0.001) × (0.055,0.11)]
k > 0.055 avoids tensor region

Widths are similar to the experimental result 90 ± 28 GeV

closer to 650 GeV

Non-physical Non-physical
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I. Asiáin Unitarisation and resonances…

Effective field theories are powerful tools to explore High Energy Physics in a 

 model-independent way  

Unitary amplitudes can help to constrain anomalous couplings by studying 

resonant (or non-resonant) scenarios

An extended EWSBS typically have such resonances

The Higgs: a promising…

While studying scalar resonances the parameter space explodes 

WW resonances as a window…

The study of possible resonances in  places restrictions in Higgs potentialWW

D. Espriu

This line of analysis deserves further more systematic studies

H -like state can be reproduced in the HEFT with similar properties(650)



   Conclusions

I. Asiáin Unitarisation and resonances…

Effective field theories are powerful tools to explore High Energy Physics in a 

 model-independent way  

Unitary amplitudes can help to constrain anomalous couplings by studying 

resonant (or non-resonant) scenarios

An extended EWSBS typically have such resonances

The Higgs: a promising…

While studying scalar resonances the parameter space explodes 

WW resonances as a window…

The study of possible resonances in  places restrictions in Higgs potentialWW

D. Espriu

This line of analysis deserves further more systematic studiesTHANK YOU!! :)

H -like state can be reproduced in the HEFT with similar properties(650)
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   The Lagrangian

I. Asiáin Back upThe Higgs: a promising…The Higgs: a promising…

Our complete Lagrangian

Building blocks

WW resonances as a window…

ℒ = ℒ2 + ℒ4 + ℒGF + ℒFP

D. Espriu



   Experimental bounds on chiral couplings
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   The couterterms
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The counterterms for: ωω → ωω, ωω → hh and hh → hh

The Higgs: a promising…WW resonances as a window…D. Espriu



   The couterterms

I. Asiáin Back up The Higgs: a promising…

The counterterms for: ωω → ωω, ωω → hh and hh → hh

The Higgs: a promising…

In total: 17 counterterms + 1 tadpole

WW resonances as a window…D. Espriu
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   ET validity

The Higgs: a promising…WW resonances as a window…

Is it safe for us to use the ET?

We are only making use of the ET in the one-loop calculation

Small compared to  exact contributions at TeV scale𝒪(p4)
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D. Espriu



Relevant chiral parameter space

I. Asiáin Back up The Higgs: a promising…The Higgs: a promising…WW resonances as a window…
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   Violation of unitarity 
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   scalar-isoscalar
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   Unitarized amplitudes: vector-isovector

I. Asiáin Back upThe Higgs: a promising…The Higgs: a promising…WW resonances as a window…D. Espriu



Back upI. Asiáin Unitarisation and resonances…The Higgs: a promising…WW resonances as a window…D. Espriu

   Scalar H(650): cross section in EWA
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