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Outline

• SM, SMEFT and HEFT : basic considerations

• 𝜔𝜔 → 𝑛 × ℎ  scattering : compact expressions

• Understanding 𝑇𝜔𝜔→ 𝑛×ℎ : field redefinitions

• SMEFT pheno : suppressed multi-H production wrt HEFT
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• SM:

• SMEFT:

• HEFT 
( = EWChL = EWET )

- Complex doublet H
- Renormalizable (canonical dim. 𝐷 ≤ 4)   
 ℒ𝑆𝑀 = ℒ𝐷≤4

- Complex doublet H
- Non-renormalizable (canonical dim. expan.)  
 

- 3 EW Goldstones + 1 singlet Higgs h (indep.)
- Non-renormalizable (chiral expan.) 

 ℒ𝐻𝐸𝐹𝑇 = ℒ𝑝2 + ℒ𝑝4 + …             [w/ ℒ𝑆𝑀 ⊂ ℒ𝑝2  ]
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[by Felipe J. Llanes-Estrada]

(x) See, e.g., Alonso,Jenkins,Manohar, PLB 754 (2016) 335-342; PLB 756 (2016) 358-364; JHEP 08 (2016) 101; Cohen,Craig,Lu,Sutherland, JHEP 03 (2021) 237; JHEP 12 (2021) 003; 

Brivio,Corbett,Éboli,Gavela,González-Fraile,González-García,Merlo,Rigolin, JHEP 03 (2014) 024; Agrawal,Saha,Xu,Yu,Yuan, PRD 101 (2020) 7, 075023; Gómez-Ambrosio,Llanes-

Estrada,Salas-Bernárdez,SC, PRD 106 (2022) 5, 5; Commun.Theor.Phys. 75 (2023) 9, 095202; Dawson,Fontes,Quezada-Calonge,SC, 2311.16897 [hep-ph]; PRD 108 (2023) 5, 055034; 

Arco,Domenech,Herrero,Morales, PRD 108 (2023) 9, 095013; 
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- kinematics well over 𝑊𝑊 threshold:  𝑠 ≫ 𝑚𝑊
2 ~𝑚ℎ

2

- Mass corrections neglected

- Chiral LO:    only 𝑂(𝜕2) derivative operators

- Equivalence theorem appr.:    𝑊𝐿𝑊𝐿 → 𝑛 × ℎ ≈ 𝜔𝜔 → 𝑛 × ℎ

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

[ I know: 3h, 4h, etc. looks like science-fiction nowadays ]

HEFT:  𝑊𝐿𝑊𝐿 → 2ℎ, 3ℎ, 4ℎ …

[link]

[link1] [link2]

• Specific 𝜔𝜔 → 𝑛 × ℎ stand-alone Mathematica code    [link] 

• FeynRules + FeynCalc chiral model file @ LO + NLO [link1]  [link2] 

https://inspirehep.net/literature/2720159
https://github.com/alexandresalasb/WWtonHcalculator
https://github.com/Javomar99/EWET
https://github.com/Javomar99/Multi_Higgs_HEFT
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• Relevant HEFT Lagrangian at LO, O(p2):

  w/ the SU(2)-singlet “Flare” function,

• Non-linear Goldstone realization:

Other usual notation in the bibliography: 𝜿𝑽 ≡ 𝑎 ≡ 𝑎1/2 ,   𝜿𝟐𝑽 ≡ 𝑏 ≡ 𝑎2

𝐹𝜋 from PT  ➔  EW vev  𝑣 = 2𝐺𝐹

−1
= 246 GeV  
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* Gómez-Ambrosio,Llanes-Estrada,Salas-Bernárdez,SC, 

PRD 106 (2022) 5, 5; 

Commun.Theor.Phys. 75 (2023) 9, 095202 
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• Relevant combination:

• Pure s-wave (J=0) ➔ critical angular information
* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037 (x) Gonzalez-Lopez,Herrero,Martinez-Suarez, EPJC 81 (2021) 3, 260

https://inspirehep.net/literature/2720159
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• Relevant combination:

• Pure s-wave (J=0) ➔ critical angular information
* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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• Relevant 
  combination:

• Almost s-wave (J=0) [𝜒1 = −0.12,  𝜒2 = 0.019]      ➔ critical angular information

1-crossed-propagator
dimensionless angular function

      [BACKUP SLIDES]

[exactly same combination as in 𝜔𝜔 → 2ℎ]

[link]

numerical integration constants 𝝌𝟏,𝟐: MaMuPaXS [link]

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://github.com/mamupaxs/mamupaxs
https://inspirehep.net/literature/2720159
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+ crossing

[with permutations: 75 diagrams]
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+ crossed

[with permutations: 75 diagrams]
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2

Understanding the 𝑇𝜔𝜔→ 𝑛×ℎ structure: field redefinitions
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Redefined HEFT Lagrangian for                                          

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

Field redefinition

https://inspirehep.net/literature/2720159
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* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    16/23J.J. Sanz-Cillero (UCM & IPARCOS)

• For a general normalization 𝒩 and solution of                                       :

• However, for the particular normalization  𝓝 =
𝒂𝟏

𝟒
=

𝒂

𝟐
 :
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( ො𝑎1 = 0 )

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

Exactly the same effective combinations found 

before in the 𝜔𝜔 → 𝑛 × ℎ scattering amplitudes !!!

https://inspirehep.net/literature/2720159
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To make yourself an idea of the important simplification:

        𝜆𝜑4 theory is simpler to compute than 𝜆𝜑3

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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• SMEFTHEFT relations for the relevant combinations:

• Multi-Higgs fine-tuned suppression in SMEFT

SMEFT theory:  𝜔𝜔 → 2ℎ, 3ℎ, 4ℎ …  suppression

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

SMEFT pheno:  𝜔𝜔 → 2ℎ, 3ℎ, 4ℎ …  suppression

• An illustrative example: 𝜔𝜔 → 3ℎ    

https://inspirehep.net/literature/2720159
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Scanning of the 𝜔𝜔 → 3ℎ cross section predictions for 𝑠 = 1 TeV:

• Empty blue square - SMEFT(𝐷=6) -BP   (𝑑 = 0.1): 

𝑎 = 𝑎1/2 = 𝑎𝑆𝑀𝐸𝐹𝑇 𝐷=6 = 1.05, b = 𝑎2 = 𝑎2
𝑆𝑀𝐸𝐹𝑇 (𝐷=6)

= 1.2, 𝑎3 = 𝑎3
𝑆𝑀𝐸𝐹𝑇 (𝐷=6)

= 0.1෠3

• Full Orange square - HEFT: 

𝑎 = 𝑎1/2 = 𝑎𝑆𝑀𝐸𝐹𝑇 𝐷=6 = 1.05, b = 𝑎2 = 𝑎2
𝑆𝑀𝐸𝐹𝑇 (𝐷=6)

= 1.2, 𝑎3 = 𝑎3
𝑆𝑀𝐸𝐹𝑇 (𝐷=6)

× (1 ± 𝟐𝟎% )

(x) Englert,Naskar,Sutherland, JHEP 11 (2023) 158

• Analogous to previous 𝑎2 = 𝑏 = 𝜅2𝑉 scannings

for LHC and FCC analyses:
𝑠 = 1 𝑇𝑒𝑉

SM  a3
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Conclusions
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•  Compact structure for  𝑾𝑳𝑾𝑳 → 𝒏 × 𝒉  scattering:  

 [Ruled by very particular combinations, ෝ𝜿𝟐𝑽 ≡ ෝ𝒂𝟐 for 2ℎ,   ෝ𝒂𝟑 for 3ℎ,    etc. ] 

•  Field redefinitions helps us to understand this simplicity

•  Strong multi-Higgs suppression in SMEFT  wrt to HEFT

          –Even for small O(10%) deviations in SMEFT 𝒂𝟏,𝟐,𝟑,𝟒…–  

          –Much larger XS in pure HEFT– 
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BACKUP
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https://github.com/alexandresalasb/WWtonHcalculator

https://github.com/Javomar99/EWET 

https://github.com/mamupaxs/mamupaxs

• Various public code repositories created:

 - Specific Mathematica stand-alone code for 𝜔𝜔 → 𝑛 × ℎ
     https://github.com/alexandresalasb/WWtonHcalculator

 - General FeynRules model file https://github.com/Javomar99/EWET 

     implementing 𝑂 𝑝2  and 𝑂(𝑝4) HEFT Lagrangian

 - New fast Massless Particle Phase-Space Integrator
      𝕄𝕒𝕄𝕦ℙ𝕒𝕏𝕊   https://github.com/mamupaxs/mamupaxs

https://github.com/alexandresalasb/WWtonHcalculator
https://github.com/Javomar99/EWET
https://github.com/mamupaxs/mamupaxs
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(x) Dávila,Domenech,Herrero,Morales, EPJC 84 (2024) 5, 503

• IR finite

• Equiv. Theorem implies a pure s-wave

• This HEFT behaviour approximately observed with real W’s (x)    [ vs   SM angular distribution ]
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• SMEFTHEFT relations for the Higgs couplings:

SMEFT:  𝜔𝜔 → 2ℎ, 3ℎ, 4ℎ … VERTEX suppression

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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- Uncertainty in 𝒌𝑽 = 𝑎 = 𝑎1/2   (ℎ → 𝜔𝜔 vertex):     O(10%)

- Uncertainty in 𝒌𝟐𝑽 = 𝑏 = 𝑎2   (ℎℎ → 𝜔𝜔 vertex):    O(100%) 

- BUT, in the relevant  𝜔𝜔 → ℎℎ  amp. combination ෡𝒌𝟐𝑽 = ො𝑎2: O(10%)

 

ATLAS and CMS analyses on multi-Higgs:
Where are we standing?
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• Exp. data on hh-production at LHC 

 show an important correlation 

  between (𝑎, 𝑏)

           [ notation: 𝑎 = 𝑎1/2 = 𝜅𝑉,   𝑏 = 𝑎2 = 𝜅2𝑉 ]

• NOTE we have superimposed:

      - Parabolles w/ constant ෝ𝒂𝟐 = 𝒂𝟐 −
𝒂𝟏

𝟐

𝟒

      - D=6 SMEFT prediction 𝒂𝟐 = 𝟐 𝒂𝟏 − 𝟑

... + some recente important improvement from HH + H:
CMS PAS HIG-23-006
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(a)

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC, JHEP 03 (2024) 037 * Anisha, Atkinson, Bhardwaj, Englert, Stylianou, JHEP 10 (2022) 172

Also previous theoretical 
 2h-production for LHC* 
 noted important correlations 
 between 𝜅𝑉 , 𝜅2𝑉  
[ “banana” plots, as M.J. Herrero calls them]

The equivalence theorem 
approximations in this work
seem to be in agreement
with hh-production data

Indications that we might be 
O(10%) close to the SM 
in (𝑎, 𝑏)

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    34/23J.J. Sanz-Cillero (UCM & IPARCOS)

• We will actually compute the Goldstone-Goldstone scattering,

 and extract the corresponding cross section:
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What about D=8 corrections to SMEFT? ➔ The line turns into a “thick line”/area

      but still can’t go everywhere. 

      Volunteers can play with D=10 corrections

−10 ≤ 𝜌 ≤ 10
−0.5 ≤ 𝑑 ≤ 0.5 −100 ≤ 𝜌 ≤ 100

−10 ≤ 𝑑 ≤ 10

CMS
95%CL

CMS
95%CL
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* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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Scanning of the 𝜔𝜔 → 2ℎ cross section predictions for 𝑠 = 1 TeV:

• Empty blue square - SMEFT(𝐷=6) -BP   (𝑑 = 0.1): 

𝑎 = 𝑎1/2 = 𝑎𝑆𝑀𝐸𝐹𝑇 𝐷=6 = 1.05, b = 𝑎2 = 𝑎2
𝑆𝑀𝐸𝐹𝑇 (𝐷=6)

= 1.2

• Full Orange square - HEFT: 

𝑎 = 𝑎1/2 = 𝑎𝑆𝑀𝐸𝐹𝑇 𝐷=6 = 1.05, b = 𝑎2 = 𝑎2
𝑆𝑀𝐸𝐹𝑇 (𝐷=6)

= 1.2 × (1 ±𝟐𝟎% )

𝑠 = 1 𝑇𝑒𝑉

(x) Englert,Naskar,Sutherland, JHEP 11 (2023) 158

• Analogous to previous 𝑎2 = 𝑏 = 𝜅2𝑉 scannings

for LHC and FCC analyses:
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* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

SM  a3

𝑠 = 1 𝑇𝑒𝑉

https://inspirehep.net/literature/2720159
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* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

SM  a3

𝑠 = 1 𝑇𝑒𝑉

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    43/23J.J. Sanz-Cillero (UCM & IPARCOS)

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

𝑠 = 1 𝑇𝑒𝑉

SM  a4

https://inspirehep.net/literature/2720159
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ℎ → 𝑊𝑊

𝑊
𝑊

→
ℎ

ℎ
ATLAS-CONF-2020-027

CMS-HIG-20-005

(*) Gómez-Ambrosio,Llanes-Estrada,Salas-Bernárdez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]

Blue and red:
best available
exp. bounds 
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CMS PAS HIG-23-006
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SMEFT SMEFT SMEFT

(*) Gómez-Ambrosio,Llanes-Estrada,Salas-Bernárdez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]
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•ATLAS

•CMS

(*) Gómez-Ambrosio,Llanes-Estrada,Salas-Bernárdez,SC, 2204.01763 [hep-ph]
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SMEFT

(*) Gómez-Ambrosio,Llanes-Estrada,Salas-Bernárdez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]

Other correlations: Higgs potential
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+ ...

SMEFT

(*) Gómez-Ambrosio,Llanes-Estrada,Salas-Bernárdez,SC, PRD 106 (2022) 5, 5; arXiv: 2207.09848 [hep-ph]

Other correlations: Yukawa’s
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• Higgs field representation: SMEFT vs HEFT, a matter of taste? (+)   

(+) SC, arXiv:1710.07611 [hep-ph]; PoS EPS-HEP2017 (2017) 460

* Jenkins,Manohar,Trott, JHEP 1310 (2013) 087

* LHCHXSWG Yellow Report [1610.07922]

1) Linear* (SMEFT): in terms of a doublet  = (1+h/v) U(a) <>

2) Non-linear* (HEFT or EWL): in terms of 1 singlet h + 3 NGB in U(a)

Low-energy EFT (SM + …):  representations

(x) Transformations:
Giudice,Grojean,Pomarol,Rattazzi, JHEP 0706 (2007) 045
Alonso,Jenkins,Manohar, JHEP 1608 (2016) 101

if there exists an SU(2)L x SU(2)R  

fixed point FC(h*)=0     (x) 

?
?
?
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Exclusion plots

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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• What if we require that, at a given energy, 

   the couplings must always be small enough 

   so the EFT power expansion is still convergent at that ECM ?

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    59/23J.J. Sanz-Cillero (UCM & IPARCOS)

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159
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* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    61/23J.J. Sanz-Cillero (UCM & IPARCOS)

(b)

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    62/23J.J. Sanz-Cillero (UCM & IPARCOS)

(c)

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    63/23J.J. Sanz-Cillero (UCM & IPARCOS)

(d)

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC,  JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    64/23J.J. Sanz-Cillero (UCM & IPARCOS)

(a)

* Delgado,Gómez-Ambrosio,Martínez-Martín,Salas-Bernárdez,SC, JHEP 03 (2024) 037

https://inspirehep.net/literature/2720159


Multi-Higgs production and chiral effective Lagrangians                    65/23J.J. Sanz-Cillero (UCM & IPARCOS)

* Anisha, Atkinson, Bhardwaj, Englert, Stylianou, JHEP 10 (2022) 172

• Also previous theoretical hh-production

   simulations for LHC* 

 noted an important correlation 

   between (𝑎, 𝑏)

                           [“banana” plots, as M.J. Herrero calls them]
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